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THE COMBINATION OF FATTY ACIDS AND RELATED 
COMPOUNDS WITH SERUM ALBUMIN 


I. STABILIZATION AGAINST HEAT DENATURATION 


By PAUL D. BOYER, FUNSTON G. LUM, GERALD A. BALLOU, 
J. MURRAY LUCK, ann RANDALL G. RICE 


(From the Biochemical Laboratory, Department of Chemistry, 
Stanford University, California) 


(Received for publication, October 6, 1945) 


In a recent publication (1) data were presented which showed that lower 
fatty acid salts markedly retard the heat coagulation of concentrated serum 
albumin solutions, and a simple ‘‘cloud point’? method for evaluation of 
the relative stabilization produced by different substances was described. 
These experiments have been extended to include studies of the thermal 
stability, as measured by nephelometric, viscometric, and cloud point 
methods, at different concentrations of stabilizers and albumin, and in the 
presence of a number of related compounds. The results and conclusions 
from these later studies are reported herein. 


Methods 


The serum albumin solutions were prepared as described previously (1). 
Amorphous and crystalline human and bovine albumin were used. The 
crystalline human and bovine albumin preparations were homogeneous 
as determined by electrophoretic analysis; the amorphous bovine albumin 
contained about 2 per cent of a-globulin, and the amorphous human prep- 
arations contained from | to 2 per cent of globulin. The behavior of 
these various serum albumin preparations in the presence of stabilizing 
agents was quite similar. 

The pH of the albumin solutions, with or without the addition of sub- 
stances tested for stabilizing activity, was between 6.8 and 7.5 unless other- 
wise noted. Cloud point and nephelometric measurements were made as 
previously described (1, 2). Viscosity determinations were made with 
Ostwald viscosity pipettes, with a constant temperature bath regulated 
to +0.01°. The water times at 30° of the pipettes used with 2 gm. per 
cent solutions of albumin were from 60 to 70 seconds, and the water times 
of the pipettes used with 25 gm. per cent solutions of albumin were from 
7 to 10 seconds. The pipettes were thoroughly cleaned with dichromate 
cleaning solution between determinations. The test solutions were heated 
in stoppered viscometers, which were opened when a determination was 
made. The time of heating for a particular viscosity determination was 
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taken as the time during which the sample had been in the water bath before 
the viscosity measurement was begun plus one-half of the drainage time 
for the pipette. Viscosity measurements on a solution were discontinued 
if any particulate material, observable in a strong cross-beam of light, 
appeared. 

Most of the experiments reported herein were conducted with solutions 
containing 25 gm. per cent of albumin, because of the relation of the studies 
to the practical problem of thermal stabilization of albumin solutions as 
prepared for the armed forces. Although theoretical studies with con- 
centrated protein solutions are necessarily limited, relative data on the 
thermal stability of the albumin are readily obtainable with such solutions. 

RESULTS AND DISCUSSION 

Cloud Point Studies with Various Compounds—The effects of increasing 
concentration of the sodium salts of straight chain fatty acids on the cloud 
point are shown in Fig. 1. The data given in Fig. 1 as well as in Figs. 2 
and 3 were obtained with 25 gm. per cent solutions of a crystalline human 
serum albumin preparation. The cloud point temperature was taken as 
the temperature at which a coagulum formed in 30 + 2 seconds when the 
solutions were heated in capillaries at constant temperature (1). The 
increase in stabilization with increase in chain length of the fatty acid salt, 
as noted previously with relatively high concentrations of the fatty acid 
salts (1), is clearly evident. Maximum stabilization is attained with salts 
of fatty acids 7 to 8 carbon atoms in chain length and in a concentration 
of about 0.15 m. Above this concentration gel formation ensues. Below 
a concentration of about 0.015 M, stabilization increases. with increase of 
chain length up to the 12 carbon acid but the effect falls off with increase 
of concentration. This was the longest chain fatty acid studied; the low 
solubility of the sodium salts of fatty acids of greater chain length did not 
permit their use. Fig. 1 serves to illustrate the relationship between chain 
length of the fatty acid salt, its concentration, and the degree of stabiliza- 
tion attained. The diminishing efficacy of the higher fatty acid salts (above 
(‘s) is probably due to the denaturing effects of substances with detergent 
properties (3-5). Dodecyl sulfate, which has been observed to cause de- 
naturation of serum albumin (5, 6), has a stabilizing effect in low concen- 
trations similar to that produced by laurate. As the concentration of the 
fatty acid salts with 7 or more carbon atoms is increased, a point is reached 
at which a cloud no longer forms, but instead a clear gel results at the ele- 
vated temperature. The concentration at which this phenomenon may 
be noted decreases with increase in the length of the fatty acid chain. 

Measurements of the cloud point temperature of albumin-fatty acid 
salt mixtures at different time intervals after mixing showed that the cloud 
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point had already attained a constant value when the measurements were 
made as soon as possible after mixing. Thus, in so far as the cloud point 
of a solution serves as a measure of the amount of combination of a particu- 
lar fatty acid with the albumin, a conclusion which seems reasonably 
justified on the basis of experiments described later, the combination 
between the fatty acid and the serum albumin proceeds at a very rapid 
rate. Ultrafiltration measurements also show that the amount of com- 
bination reaches a constant value within the time necessary for the experi- 
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Fic. 1. The stabilization of serum albumin to heat by fatty acid salts 


Experiments with alkyl sulfonates, given in Fig. 2, showed that these 
substances likewise have a pronounced protective effect against heat 
coagulation, and that this effect increases with the size of the alkyl groups. 
The curves for butyrate and caprylate are included for comparison. The 
effect of the sulfonates is not quite as great as that of the fatty acid salts on 
the basis of molecular size; e.g., caproyl sulfonate is a slightly larger mole- 
cule than heptylate, but is slightly less effective. Although these slight 
differences were noted, the relative effects of the sulfonates and carboxy 
acids with alkyl groups of the same chain length do not differ much, in- 


1 Bover, P. D., Ballou, G. A., and Luck, J. M., unpubliched. 
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dicating that the strength of the acid group does not markedly affect the 
amount of stabilization, since the sulfonic acids are highly dissociated, 
while the carboxy acids have pK values of about 4.9 to 5.0 (7, 8). That 
the strength of the acidic group is not a primary factor is also evident from 
the comparative effects of the fatty acids, all of which have about the same 
dissociation constant. 
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Fic. 2. The stabilization of serum albumin to heat by alkyl] sulfonates. The dot- 
ted curves represent butyrate and caprylate 


The effects of various aromatic acids on the cloud point are shown in 
Fig. 3. The addition of a phenyl group to a fatty acid anion markedly 
increases the stabilizing effect of a fatty acid, although the phenyl group 
has less effect than an alkyl group of the same number of carbon atoms. 

The addition of a hydroxy! group to a compound results in a definite 
decrease in the stabilizing effect. Comparisons between propionate and 
lactate, butyrate and 6-hydroxy butyrate, and phenyl acetate and man- 
delate demonstrated that the compounds with hydroxy! groups are less 
effective. Sodium gluconate also had but slight effect. 

The presence of additional carboxyl groups likewise decreases the pro- 
tective action of a compound. Sodium succinate and fumarate are far 
less effective than propionate and butyrate, and are even less effective than 
chloride. Phthalate is also considerably less effective than benzoate. 
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Several other compounds of interest have been tested and found effective 
as stabilizing substances. ‘Trichloroacetate and tungstate, which in the 
acid state are commonly used as protein precipitants, increase the thermal 
stability. ‘Trichloroacetate (0.0375 to 0.15 M) was more effective than 
tungstate (0.0375 to 0.15 m); the effect of the former is similar in degree to 
that of caproate; tungstate is about as effective as acetate. Monochloro- 
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Fia. 3. The stabilization of serum albumin to heat by salts of various aromatic 


acids. 


acetate is much less effective than trichloroacetate, although more effective 
than acetate. Sodium salts of cholic, desoxycholic, and dehydrocholic 
acids in concentrations up to 0.025 m have a protective action of about the 
same magnitude as butyrate. Of these salts the desoxycholate is the most 
effective. Formaldehyde also produces an increase in the cloud point 
temperature, although its mode of combination with the albumin is un- 
doubtedly different from that of the fatty acids. Butyraldehyde, although 
possessing a non-polar side chain, produces much less effect than the more 
reactive formaldehyde. The increased stability of serum albumin in the 
presence of formaldehyde has been noted previously (9). The observation 
of Spiegel-Adolf that cephalin will prevent the heat coagulation of serum 
albumin (10) is also of interest. 

The importance of negatively charged groups in the stabilizing sub- 
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stances was shown by experiments in which non-charged compounds with 
non-polar groups were used. The solubility of such compounds is small, 
but those studied had sufficient solubility so that solutions were readily 
obtained with concentrations comparable to the effective concentrations 
of anions. Ethyl butyrate, butyramide, caproamide, monocaproin, 
monocaprylin, monocaprin, and triacetin all have only small stabilizing 
effects with crystalline human serum albumin solutions; none of the com- 
pounds has an effect as great as that of butyrate; most of them are roughly 
as effective as chloride. With amorphous albumin preparations, a more 
pronounced stabilization was sometimes noted with monocaproin, but the 
results were erratic and always less than the consistent stabilization 
produced by the fatty acid salts. 

In contrast to the effect of anions, cations with non-polar groups in- 
crease the susceptibility of serum albumin to heat denaturation. At pH 
7 to 8, additions of dodecylamine and hexylamine hydrochloride to 25 gm. 
per cent solutions of albumin decreased the cloud point temperature in 
proportion to the concentration of the amine. 0.15 m solutions produced 
decreases of 10° and 4°, respectively. 

Cloud point experiments on the acid side of the isoelectric point of 
albumin showed that the opposite effect of cations and anions is not due 
to the respective decrease and increase in the negative charge which their 
combination with the albumin would produce. A 25 gm. per cent solution 
of crystalline bovine albumin which contained 0.05 mM NaCl and had been 
brought to pH 4.3 by addition of acetic acid had 30 second cloud point 
temperatures of 63.5°, 62.0°, 60.0°, and 59.0° in the presence of 0.025 m 
caprylate,? 0.05 M caproyl sulfonate, no addition, and 0.05 mM hexylamine 
respectively. Thus, stabilization by anions is evident on both the alkaline 
and acid side of the isoelectric point. 

A variety of other compounds has been tested. All of these had slight 
stabilizing effects in comparison to the pronounced effects of low concen- 
trations of fatty acid salts and related compounds. ‘The compounds tested 
were glycine, alanine, glycylalanine, alanylglycine, gelatin, a-globulin, 
glycerol, glycerophosphate, xylose, glucose, maltose, sucrose, a-methyl- 
glucoside, ascorbic acid, sodium phosphate, and sodium sulfate. 

Requisite Structure for Stabilizing Properties—The above experiments 
permit definition of the structure of a group of compounds which will 
stabilize serum albumin against heat denaturation and coagulation. The 
basic, requisite structure is an anion with a non-polar group. Of forty 
different compounds of this type, including derivatives of carboxylic, 

* In aqueous solution at this pH, caprylic acid exists principally in the undisso- 
ciated, water-insoluble form. However, in the concentrated albumin solutions used 
no separation of free caprylic acid was noted. 
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sulfonic, sulfuric, and phosphoric acids, all had stabilizing properties in 
low concentrations. Twenty-three other compounds, including amino 
acids, peptides, proteins, sugars, alcohols, amides, esters, and amines 
with non-polar groups, did not possess the marked stabilizing properties 
of the non-polar anions. The magnitude of the stabilization produced by 
any type of anion increases in general with the size of the non-polar group 
until a maximum is reached. ‘The addition of hydroxyl or carboxyl groups 
to the non-polar groups, with the consequent increase in polarity of the 
group, reduces the effect of any given anion. 
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Fig. 4. The effect of variation in the ionic strength on the stabilization produced 
by phenyl acetate. Ionie strength maintained at 0.30 by additions of NaCl (Curve 
1); constant amount of 0.15 mM NaCl (Curve 2); phenyl! acetate alone (Curve 3). 


Variations in Ionie Strength and Albumin Concentration—In the pre- 
ceding experiments the ionic strength of the solutions increased with in- 
creasing concentrations of the sodium salts of the anions. However, the 
ionic strength is not an important factor in determining the degree of 
stabilization. In Fig. 4 are shown results of experiments with increasing 
concentrations of phenyl acetate with the ionic strength maintained con- 
stant at 0.30 by NaCl additions (Curve 1); the presence of a constant 
amount, 0.15 m, of NaCl (Curve 2); and, no additions other than phenyl] 
acetate (Curve 3). These results show that at low concentrations of 
pheny! acetate, the effects of chloride and phenyl acetate were additive. 
As the phenyl acetate concentration increased, the effect of chloride dis- 
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appeared, and with concentrations above about 0.12 m the cloud point 
temperature was determined only by the concentration of phenyl! acetate, 
and was independent of the amount of sodium chloride. 

The cloud point temperatures of albumin solutions decrease with in- 
crease in protein concentration (1); hence it was of interest to determine 
the effect of fatty acid salts at different albumin concentrations. Results 
obtained with crystalline human albumin solutions, given in Fig. 5, show 
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Fic. 5. The effect of variation in the albumin and the fatty acid anion concentra- 
tion on the cloud point temperature. The solid curves show the cloud point tempera- 
tures at the albumin concentrations indicated. The dotted lines show the effect of 
dilution of a given solution with water, thus maintaining a constant mole ratio of 
stabilizer to albumin. 


that at the concentrations of albumin studied the fatty acid salts have 
the expected marked stabilizing effect. The curves obtained with a con- 
stant ratio of stabilizer to albumin represent the summation of the opposing 
effects of decreasing both the albumin and fatty acid concentrations. 
Caleulated curves approximating the experimental curves were obtained 
by algebraic addition of the changes in the cloud point temperature result- 
ing from the reduction of albumin concentration with the salt constant at 
0.3 m and the changes produced by reduction of the fatty acid salt coneen- 
tration with albumin constant at 25 gm. per cent. This interpretation also 
explains the constant mole ratio curves previously presented (1). 
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Effect of Caprylate at High pH—The amount of bound caprylate de- 
creases with increase in the pH of an albumin-caprylate mixture.' 
Determinations of the cloud point temperatures of solutions containing 
5 gm. per cent of bovine albumin in the presence and absence of caprylate, 
and with increasing amounts of sodium hydroxide added are-shown in 
Fig.4. The similarity of the cloud point temperatures of the two solutions 
at the high pH value is probably due to the decrease in the amount of 
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Fic. 6. The effect of increase in pH on the stabilization produced by caprylate. 
The cloud points were obtained with solutions containing 5 gm. per cent of bovine 
albumin to which increasing amounts of NaOH had been added. The pH of the sol- 
utions was 6.8, 8.1, 10.3, and 10.8 with the addition of 0.01, 0.02, 0.03, and 0.04 m Na* 
as NaOH. At higher concentrations of NaOH, the solutions formed clear gels when 


heated. 


bound caprylate, as well as to the effect of the alkali on the coagulation of 
the albumin.’ 

Limitations of Cloud Point Method—The principal value of the cloud 
point method has been in comparative studies of the effects of various 


3 This conclusion is based on the assumption that the amount of caprylate bound at 
cloud point temperatures is the same as that bound at room temperature. This as- 
sumption appears justified because the amount of bound eaprylate does not change 
between 0-50° (Boyer, Ballou, and Luck, unpublished data), 
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substances on the thermal stability of albumin solutions under well defined 
conditions and as a convenient, rapid method for evaluation of the relative 
stability of different albumin solutions. Theoretical conclusions which 
can be made from cloud point data are definitely limited. For example, 
a variation in crystalline albumin concentration from 20 to 30 gm. per cent 
changed the cloud point time at constant temperature from 170 to 18 
seconds. If the reciprocal of the cloud point time is assumed to’be directly 
proportional to the velocity of the reaction, then an order for the denatura- 
tion reaction can be calculated. However, such calculations give the 
anomalous value of a fifth or sixth order reaction. Likewise, the energy 
of activation for the denaturation-coagulation reaction can be calculated 
if the velocity constant is assumed to be proportional to the reciprocal of 
the cloud point time. As shown previously (1), the calculated values 
exhibit marked variations with the nature of the substance added and with 
the protein concentration, as well as the expected variations with pH. 
That such values are open to question is further shown by the variation in 
the slope of the straight line obtained from a plot of the log of the cloud 
point time against concentration of added salt. For example, with phenyl 
acetate irregular variations of slope ranging from —0.55 to —0.90 were noted 
with seventeen different concentrations of phenyl acetate ranging from 
0 to 0.30 m. The inadequacy for kinetic studies of methods based on 
flocculation of proteins has been pointed out by other investigators (11). 

Nephelometric Measurement of Stabilization—The protection from heat 
denaturation afforded by the addition of low concentrations of various 
substances may also be measured by nephelometry. The effects of various 
mole ratios of caprylate, mandelate, or laurate to albumin on the stability 
of 25 gm. per cent solutions of human serum albumin at 57° are shown in 
Fig. 7. Caprylate and laurate have about the same effeet, and show a 
detectable stabilization when present in a concentration of only 1 molecule 
for every 4 albumin molecules. At a 1:1 ratio, caprylate produces definite 
stabilization, and is abotit 4 times as effective as mandelate. The re- 
markable effect of low concentrations was also shown by the cloud point 
studies. Addition of sufficient caprylate to give a caprylate to albumin 
ratio of 1:1 increased the cloud point time at constant temperature by 
about 10-fold. 

In previous studies of nephelometric stability at 50° and 57°, caprylate 
and caproate in concentrations of 0.15 m did not always exhibit the sta- 
bilization which was expected on the basis of cloud point results (1). 
These rather ‘anomalous findings are now known to have resulted from the 
presence of very small amounts of proteins other than native albumin 
which were flocculated by the relatively high concentrations of the fatty 
acid salts. If these impurities were removed by heating the solution for 
a short time in the presence of low concentrations of the fatty acids, 
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followed by filtration, the resulting products possessed high nephelometric 
stability. Typical results of the stabilization of a preparation which did 
not contain impurities readily flocculated are shown in Fig. 8. Prolonged 
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studies at 57° revealed that the fatty acid salts increase in protective 
properties with increase in chain length. Comparisons of the stabilizing 
properties at 50° were limited because of the long time period required. 
Results of a study extending over a period of 20 months are given in Table I. 
The values represent time for gel formation rather than time to reach a 
certain nephelometric reading, because some of the samples formed gels 
without showing high nephelometric readings. Stabilization by the fatty 
acid salts at 50° is clearly evident, although the relative life spans of the 
solutions at 50° are not as widely different as at cloud point temperatures; 
for example, the 65° cloud point time (1) of serum albumin in 0.15 Mm NaCl 
was 63 seconds, while in 0.025 m sodium caproate it would appear to be 


TaBie I 
Stability of Albumin Solutions at 50° 


All samples contained 25 gm. per cent of amorphous human serum albumin and 
0.15 m sodium chloride, and were stored in an air oven at 50° until the solution formed 


a gel. 

. 30 sec. cloud point | Mos. at 50° for gel . . 

Salt added . cumpusaiane ; formation — Appearance of gel 
™ = | | 
0 eee ss pirated 63.1 3 Opaque 
0.15 wu NaCl...... i iehtaaied 65.4 7 = 
0.025 m Na caproate............ 70.6 13 | Cloudy 
0.025 ‘‘ “* phenyl butyrate 72.6 13 | Nearly opaque 
0.15 ‘* “ butyrate ven 71.7 16 - = 
0.05 ‘ “ phenyl acetate..... 72.7 16 Partly cloudy 
0.025 ‘* “ caprylate... ; 73.5 18 Nearly clear 
0.15 ‘“* “ phenyl acetate..... 76.9 20 “ - 
0.15 ‘“* “ phenyl butyrate 81.5 20 _ . 


even greater than 20,000 seconds. The corresponding 50° stability values 
were 7 and 13 months respectively. 

Viscometric Measurement of Stabilization—In order to ascertain whether 
changes which did not produce light scattering took place in the albumin 
molecule when solutions were heated in the presence of fatty acid salts, 
viscosity measurements were made on the heated solutions. Viscometric 
measurements of the stability of serum albumin in the presence of sodium 
chloride have been reported by Scatchard et al. (2). Cooper and Neurath 
(12) and Pedersen (13) have shown that heat treatment of crystalline 
horse serum albumin solutions results in an aggregation of the albumin 
and an increase in viscosity. 

In our studies, viscosity measurements were made at the temperature 
of denaturation to eliminate any effects of subsequent cooling of the solu- 
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tion. The viscosity increase that resulted when solutions containing 25, 
20, and 15 gm. per cent of amorphous bovine albumin were heated at 57° 
is shown in Fig. 9. The relative viscosities of the solutions at zero time 
were ascertained by measurement at 50°, a temperature at which viscosity 
increase would occur only after prolonged periods. The pronounce. 
effect of protein concentration is clearly evident. The addition of 0.025 m 
caprylate prevented any viscosity increase during the 24 hour period of 
measurement. Thus caprylate prevents changes in the albumin molecule 
which give rise to change in viscosity. These results indicate that caprylate 
stabilizes albumin in the native state, rather than prevents the aggregation 
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Fig. 9. Viscosity of concentrated serum albumin solutions 


of the heated albumin into light-scattering particles. These conclusions 
were substantiated by experiments at lower protein concentrations. 
Results of viscosity measurements with 2 gm. per cent of bovine albumin 
at 80° are shown in Fig. 10. In the absence of salt, the viscosity increased 
sharply, then reached a plateau. Additions of 0.05 m NaCl promoted 
aggregation of the heated albumin, with a resultant very rapid increase in 
viscosity. Addition of 0.05 mM caproate decreased the rate of viscosity 
increase, although after 30 minutes the viscosity did rise above that of 
the sample with no addition, presumably because of the effect of increased 
ionic strength. Addition of 0.15 mM caproate was sufficient to prevent any 
viscosity increase for a 90 minute period at least. At a temperature of 70°, 
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the results were similar to those at 80°, except that at the lower temperature 
0.05 mM caproate was sufficient to prevent any viscosity increase. 
Previous observations (14) on the rate of enzyme digestion of albumin 
solutions with and without added caprylate likewise lead to the conclusion 
that the caprylate stabilizes the native albumin molecule. This conclusion 
is also in harmony with the cloud point and nephelometric studies, in that 
the same visible changes which occur readily in the absence of stabilizers 
occur after a much longer period in the presence of stabilizing agents. 
The possibility that the fatty acids might stabilize either native or de- 














mi Ze es Ho Ce | | 
—j 
oc 
005M Nacl 
1.6 

o — 
0.05 M NaCAPROATE 

it - 

Yr 

NO ADDITION | 
° e e m e 
1.2] 4 


0.15 MNaCAPROATEN | 





| | | { ! | 
er ~—' " — -s L —5 | — 
MINUTES i 





Fic. 10. Viscosity of 2 per cent bovine serum albumin at 80° 
) I 


natured albumin was previously recognized (1). In view of these later 
findings, it is probable that the fatty acid salts stabilize the native albumin. 

Preliminary Experiments with Other Proteins—It is of obvious interest 
to determine whether the substances which protect albumin from de- 
naturation also prevent the heat denaturation of other proteins. Pre- 
liminary experiments show that this type of stabilization is not a general 
phenomenon. Cloud point determinations with solutions of approximately 
12 gm. per cent of crystalline egg albumin showed an increased cloud point 
temperature with 0.01 to 0.05 M caprylate. However, unlike that in serum 
albumin, the increase in cloud point temperature increases with time after 
mixing the caprylate and egg albumin solutions. The thermal stability 
of solutions of 10 to 20 gm. per cent of serum y-globulin, as measured by 
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the time for gel formation, is decreased by the addition of caprylate or 
mandelate. Diphtheria toxin, diphtheria antitoxin, and papain are also 
rendered more heat-labile by caprylate. Further studies with other 
proteins are planned. 

Mode of Action of Stabilizing Substances—The preceding experiments 
serve to define the properties of compounds that increase the stability of 
serum albumin against heat denaturation. Any discussion of the mode 
of action of these compounds is somewhat speculative, because the intra- 
molecular changes which occur in denaturation are inadequately under- 
stood. 

Measurements of the electrophoretic mobility of albumin-fatty acid 
systems at constant pH and ionic strength demonstrated that the mobility, 
and hence in all probability the extent of association, increases with in- 
crease in the chain length of the fatty acid anion (15). Data discussed in 
preceding sections of the present paper show that the increased stability 
is not a function of the increase in net charge on the albumin molecule. 

Quantitative measurements of the amount of bound fatty acid anion 
have been made by ultrafiltration.' This quantitative study shows 
an increase in the amount bound with increase in the chain length of the 
fatty acid, and shows also that the combination is dependent upon the 
presence of positively charged groups in the albumin molecule. Fatty 
acid anions, formaldehyde, and a high concentration of hydroxy] ion all 
increase the cloud point temperature, and also all react with the positively 
charged groups of the albumin. Thus it appears probable that certain 
of the positively charged groups are involved in the stabilization of the 
heated albumin. 

Furthermore, the data show that the degree of stabilization is not de- 
pendent only on the amount of bound anion. With increase in chain length 
of the fatty acid, a smaller amount of the fatty acid has to be bound to 
produce the same stabilizing effect. That this effect does not result 
primarily from increase in the size of the molecule is evident from data 
which show that although acetyl tryptophanate is a larger molecule than 
caprylate it is less effective on the basis of the amount bound. These 
results stress the importance of both the non-polar portion of the molecule, 
upon which the magnitude of the effect of a bound molecule depends, and 
the negatively charged group, which combines with the positively charged 
groups of the albumin molecule. The non-polar portions of fatty acids 
are known to associate to form colloidal micelles (16), and it is possible 
that similar attractive forces may exist between non-polar groups of the 
albumin molecule and the hydrocarbon chain of the fatty acid. Thus it 
seems probable that the stabilization is the result of the attraction of differ- 
ent_groups of the albumin molecule for both the polar and non-polar por- 
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tions of the fatty acid anions. A tenable conclusion is that this attraction 
of a single fatty acid molecule for different groups of the protein may aid 
in preventing the separation of adjacent chains or layers of the albumin 
molecule, and thus may prevent an “opening out” or extension of the mol- 
ecule and thereby effect a stabilization against heat denaturation. Since 
remarkably low ratios of caprylate to albumin will effect a considerable 
stabilization, it is apparent that certain selected areas or groups play an 
essential rdle in the mechanism involved. 


SUMMARY 


1. Studies have been made of the increased thermal stability of human 
and bovine serum albumin that results from combination of the albumin 
with fatty acids and related compounds, by means of ‘cloud point,” 
nephelometric, and viscometric methods. 

2. The protective action of the fatty acid anions, as measured by the 
cloud point method, increases with increase in chain length of the fatty 
acids up to 12 carbon atoms when low concentrations are present, but the 
maximum stabilization at higher concentrations is produced by the C; and 
C's acids. 

3. Experiments with forty derivatives of carboxylic, sulfonic, sulfurie, 
and phosphoric acids which contained non-polar groups and with twenty- 
three compounds of other types lead to the conclusion that the basic re- 
quisite structure for stabilizing properties is an anion with a non-polar 
group attached. ‘The dissociation constant of the acid derived from the 
anion is not a primary factor in determining the amount of stabilization. 

4. Additions of carboxyl or hydroxyl groups to the non-polar group 
decrease the effectiveness of a given anion. 

5. The protective action of the fatty acid anions is evident at albumin 
concentrations from 2.5 to 25 gm. per cent, and, in the presence of relatively 
high concentrations of stabilizing anions, is independent of the ionic 
strength. 

6. The compounds are effective both at neutrality and on the acid side 
of the isoelectric point of serum albumin. 

7. In contrast to the behavior of anions, cations with non-polar groups 
make the albumin more susceptible to heat denaturation. 

8. Nephelometric studies at 50° and 57° demonstrated that low con- 
centrations of the stabilizers are effective for long periods of time. Both 
nephelometric and cloud point data showed that remarkably low ratios of 
fatty acid anions to albumin result in marked stabilization. 

9. Viscometrie studies showed that the fatty acids prevent viscosity 
increases in heated solutions. These results, and previous data on enzyme 
digestion, demonstrate that the fatty acids stabilize native and not de- 
natured albumin. 
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10. Preliminary experiments with several other proteins show that this 
type of stabilization is by no means a general phenomenon. 

11. On the basis of these and other studies the possible mode of action 
of the stabilizers is discussed and it is concluded that the stabilization is 
the result of association of both the polar and non-polar portions of the 
anion with certain groups of the albumin molecule in its native state. 
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Serum albumin in common with other proteins is readily denatured by 
high concentrations of urea or of guanidine salts (1-3). Various inorganic 
ions have been shown to influence the extent of this denaturation. Green- 
stein (4) found that the effect of various guanidine salts was greatly influ- 
enced by the nature of the anion. Burk (5) has studied in detail the influ- 
ence of various inorganic electrolytes on the liberation of sulfhydryl groups 
by urea. Recent experiments which demonstrated that anions with non- 
polar groups protect albumin from heat denaturation (6, 7) engendered 
an interest in the effect of these compounds upon urea denaturation. 
Studies by Rice et al. (8) on the papain digestion of denatured albumin 
showed that the addition of caprylate to the albumin before the addition 
of the urea markedly reduced the subsequent rate of enzyme digestion, 
thus indicating that caprylate had a protective action against urea de- 
naturation. In the present studies, viscosity measurements were used 
as the criterion of the extent of the denaturation, because denaturation of 
serum albumin by urea or by guanidine is known to result in a large viscosity 
increase (1, 2). The results of these experiments have shown that low 
concentrations of fatty acid salts have a pronounced protective effect 
against urea denaturation. A preliminary report of these studies has 
been published recently (9). 

EXPERIMENTAL 

The serum albumin samples used were the same as those employed in 
previous studies (6,7). The y-globulin was prepared by the plasma frae- 
tionation procedure developed by the Department of Physical Chemistry, 
Harvard Medical School, and obtained by courtesy of Professor E. J. 
Cohn and the Cutter Laboratories. The urea and the guanidine hydro- 
chloride were recrystallized before use. The various solugjons used for 
the viscosity determinations were at pH 7.5 to 8.0. Viscosity measure- 
ments were made at 30° + 0.01°, by use of Ostwald viscometers with water 
times of 60 to 70 seconds. The viscometers were thoroughly cleaned with 
dichromate cleaning solution and were dried with the aid of redistilled 
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acetone after every determination. The relative viscosities were calculated 
by comparison of the various solutions containing the albumin with solu- 
tions containing no albumin but otherwise of the same composition, 


RESULTS AND DISCUSSION 


Effect of Caprylate Concentration—The influence of caprylate concentra. 
tion on the viscosity of serum albumin solutions in 6 M urea is shown in 
Fig. 1. These results show clearly that caprylate has a marked protective 
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Fic. 1. The influence of caprylate on the urea denaturation of human serum al- 
bumin. All solutions contained 6 M urea, 0.10 m NaCl, and 2 gm. per cent of human 
serum albumin. For Curves | and 3, the albumin containing the ¢aprylate was added 
to the urea solution, and the viscosities were determined after 15 minutes and 24 hours 
respectively. For Curves 2 and 4, the albumin was added to the urea solution 15 
minutes prior to the caprylate, and the viscosities were determined 15 minutes and 
24 hours after addition of the caprylate. 


action against the urea denaturation of serum albumin. In these and 
other similar experiments, when the caprylate was added before the urea, 
caprylate concentrations of 0.005 m largely prevented the viscosity in- 
crease; conceMtrations of caprylate of 0.010 m were always sufficient for 
maximum effect in the urea denaturation experiments. Addition of 
caprylate after the albumin had been in the urea solution for 15 minutes 
resulted in a partial return of the viscosity to that of the solution in whieh 
the caprylate was added prior to the urea. Data to be presented later 
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(Fig. 4) show that the amount of this “regeneration” is dependent upon 
the time of exposure of the albumin to the high urea concentration. 

The action of the caprylate was complete within a short period after its 
addition. As is shown in Fig. 1, when caprylate was present in sufficient 
amount for maximum effect, little or no viscosity change occurred between 
the 15 minute and 24 hour measurements. When the caprylate was not 
present in a concentration sufficient for maximum effect, a further viscosity 
increase, characteristic of the urea denaturation in the absence of caprylate, 
oecurred between the 15 minute and the 24 hour measurements. 
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Fic. 2. The influence of various fatty acid anions on the urea denaturation of bo- 
vine serum albumin. All solutions contained 6 m urea, 0.10 m NaCl, and 2 gm. per 
cent of crystalline bovine albumin. Viscosity measurements were made 24 hours 
after addition of the fatty acid and the albumin to the urea. 


Influence of Other Fatty Acid Salts—The thermal stabilization of albumin 
by fatty acid salts increases with the chain length of the fatty acid (6, 7). 
Asimilar effect of chain length was found in urea denaturation experiments, 
the results of which are shown in Fig. 2. When caprylate or caprate was 
present in concentrations sufficient for maximum effect, the viscosity in 
the presence of caprate was slightly lower than that in the presence of 
taprylate. This small difference may have been due to a slightly decreased 
extension of the molecule, or to a decreased solvation of the albumin mole- 
tule in the presence of the caprate, or to a combination of these two effects. 

The variation in stabilization with increase in chain length is greater 
than the variation in the amount of fatty acid anion bound to the albumin, 
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as measured by ultrafiltration.' For example, 0.0015 m caprylate had about 
the same effect in these viscosity experiments as 0.010 m caproate, How- 
ever, at these concentrations there were about 2 to 3 times as much caproate 
bound. Similarly, on a concentration basis about 1.5 times more bound 
caprylate than bound caprate were required to produce the same effect. 
These results are comparable to similar relationships noted in heat de- 
naturation studies (7). 
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Fic. 3. Relative viscosities of solutions containing different concentrations of 
human serum albumin in water and 6 mM urea. All solutions contained 0.10 m NaC! 
Curve 1, albumin in 6 m urea for 2 hours; Curve 2, albumin in 6 urea for 2 hours, and 
then sodium caprylate was added to give 0.020 m caprylate; Curve 3, albumin and 
0.020 m caprylate in 6 mM urea for 2 hours (caprylate and albumin mixed before addition 
to the urea); Curve 4, albumin in water. 


Variation in Albumin Concentration—In order to determine the weight 
intrinsic viscosities of the urea-denatured albumin under different con- 
ditions, viscosity measurements were made at albumin concentrations of 
} to 2 gm. per cent. The results of these measurements are shown in Fig. 
3. The high weight intrinsic viscosity of albumin noted in the urea 
solution (11.2) is attributable to an unfolding of the molecule with the 
consequent increase in axial ratio (2,10,11). That the viscosity changes 
are not due to aggregation is evident, since albumin remains monodisperse 
and, in addition, does not change in molecular weight when denatured by 
urea (12). 


' Royer, P. D., Ballou, G. A., and Luck, J. M., unpublished. 
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The small difference in the weight intrinsic viscosities of the albumin 
in water and the albumin in 6 M urea containing 0.02 m caprylate (4.4 and 
5.2 respectively) can be attributed either to a slight extension of the mole- 
cule or to a solvation of the molecule by about 0.18 to 0.27 gm. of urea per 

_of albumin. If this amount of solvation is assumed, then it may be 
concluded that the caprylate prevents any unfolding of the native molecule. 

Variation in Time of Caprylate Addition—As noted above, addition of 
caprylate to albumin solutions after denaturation by urea resulted in a 
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Fic. 4. Viscosity decrease produced by caprylate after exposure of albumin to urea 
for various time intervals. To solutions of human serum albumin in 6.5 m urea, suf- 
ficient water or sodium caprylate solution was added at various time intervals to give 
asolution containing 1.0 gm. per cent of albumin, 0.10 m NaCl, with or without 0.020 
Mcaprylate. 


decrease in the viscosity of the solution. The effect of addition of either 
water or a dilute solution of sodium caprylate to albumin at various in- 
tervals after the addition of the albumin to the urea is shown in Fig. 4. 
The initial marked increase in viscosity noted in the absence of caprylate 
occurred very rapidly. This initial high viscosity was evident even when 
measurements were made as soon as possible after addition of the albumin. 
This initial rapid rise was followed by a more gradual, less pronounced, 
Viscosity increase during the next 24 hours. When caprylate was added 
titer the albumin had been in the urea solution for 5 minutes, 92 per cent 
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of the increase in the relative viscosity was removed by the caprylate, 
Increase in the time of exposure of the albumin to the urea resulted jn a 
progressive decrease in the effectiveness of the caprylate. After 24 hours 
only 13 per cent of the viscosity increase was removed by addition of 
caprylate. These results offer an explanation for the observed differences 
in rate of enzyme digestion of urea-treated serum albumin when the 
caprylate was added with the albumin or 24 hours after the albumin, 

When the caprylate was added as soon as possible after the addition of 
the albumin, or if the caprylate was added to the urea solution before the 
albumin, the resulting viscosity was the same as when the caprylate and the 
albumin were mixed before addition to the urea. These data indicate that 
the combination of the caprylate with the albumin, which enables the 
albumin to resist urea denaturation, takes place very rapidly. 

The above results demonstrate that the urea denaturation probably 
oecurs in two stages or steps. The observations of Lundgren and Williams 
(13, 14) are clearly relévant. The initial change or unfolding of the 
molecule is very rapid, and the extended molecule which results can be 
refolded to a large extent by the addition of caprylate. A second much 
slower change takes place, which modifies the molecule in such a manner 
that addition of caprylate results in only a small decrease in viscosity. 
Whether the albumin molecules, refolded by the prompt addition of 
caprylate, have the same spatial configuration as the native molecules 
cannot be adduced from the present data. Likewise, further studies are 
necessary to ascertain whether the molecule refolded by the addition of 
caprylate immediately after the addition of the albumin has the same 
physical properties as the original molecule. Whgn the albumin is “re- 
generated” by removal of the urea, the resulting molecule apparently has 
slightly different physical properties. 

Denaturation of y-Globulin by Urea—Solutions of serum globulin, like 
those of albumin, exhibit a marked viscosity increase when the globulin 
is denatured by urea (15). In contrast to the behavior of the albumin, 
solutions of 2 gm. per cent of y-globulin in 6 M urea were not protected from 
denaturation by the presence of 0.0025 to 0.10 m caprylate. This ob- 
servation is in harmony with the lack of effect of caprylate on the heat 
coagulation of y-globulin (7). 

Influence of Caprylate on Denaturation by Guanidine—The denaturation 
of serum albumin by guanidine hydrochloride was not as readily prevented 
by caprylate as was the urea denaturation. A 6 mM guanidine hydrochloride 
solution produced a much greater viscosity increase than did a comparable 
urea solution. These results are in accordance with earlier observations 
that guanidine hydrochloride is a more powerful denaturing agent than 
urea (10). When 6 m guanidine hydrochloride solutions were used, capryl- 
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ate in concentrations up to 0.10 M had no protective action. As the guani- 
dine concentration was decreased, the effect of caprylate became manifest. 
42.5 m guanidine hydrochloride solution produced about the same vis- 
cosity increase as 6 M urea, and at this guanidine concentration caprylate 
had a pronounced stabilizing effect, as is shown by the data given in Fig. 
5. These results differ from those obtained with urea in that relatively 
high concentrations of caprylate were less effective than lower concentra- 
tions, an observation that is not readily explainable, and also in that the 
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Fic. 5. The influence of caprylate on the denaturation of human serum albumin 
by guanidine hydrochloride. * All solutions contained 2.5 m guanidine hydrochloride 
and 2. gm. per cent of albumin. Curves 1 and 2 represent respectively the relative 
viseosities 24 hours and 15 minutes after addition of the albumin. 


concentration of caprylate necessary for maximum effect was greater in 
the guanidine experiments. 

Comparison of Action of Caprylate and Sulfate—This comparison was 
made because Burk found sulfate to be one of the most effective inorganic 
ions for the prevention of urea denaturation (5), and Greenstein noted 
that guanidine sulfate had less denaturing effect than other guanidine 
tilts (4). The results of measurements of the viscosity of solutions con- 
taining 2 gm. per cent of albumin, 2.5 m guanidine hydrochloride, and vari- 

amounts of sodium sulfate are presented in Fig. 6. These results 
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show that the sodium sulfate had a protective effect against the viscosity 
increase otherwise produced, but that the amount of sulfate required for 
maximum effect was over 20 times as great as the amount of caprylate 
required. 

Mode of Action of Stabilizing Substances—Only relatively low concentra. 
tions of caprylate are necessary to protect serum albumin against urea 
denaturation. In addition, as measured by ultrafiltration studies, only 
part of the caprylate present is bound to the albumin.' The effectiveness 
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Fic. 6. The influence of sodium sulfate on the denaturation of human serum al- 
bumin by guanidine hydrochloride. All solutions contained 2.5 m guanidine hydro- 
chloride and 2 gm. per cent of albumin. Curves | and 2 represent respectively the 
relative viscosities 24 hours and 15 minutes after addition of the albumin. 


of such low concentrations demonstrates that, as with heat denaturation, 
combination of the fatty acid anions-with certain specific groups or areas 
of the albumin molecule renders the molecule more resistant to urea de- 
naturation. As previously mentioned (9), the effectiveness of small con- 
centrations of caprylate against both heat and urea denaturation suggests 
that caprylate inhibits the same initial changes in both types of denatura- 
tion. Subsequent changes are obviously not the same, since the heated 
albumin aggregates, while the urea-denatured albumin remains mono- 
disperse. The possible mechanisms of action, discussed in the paper on 
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heat denaturation (7), are probably also applicable to the experiments on 
yrea denaturation. 

If the mechanism of action of the sulfate ions and of the fatty acid 
anions is the same, then the effect probably depends only upon attraction 
for or association with certain positive groups of the albumin (16). How- 
ever, since with increase in chain length of the fatty acid a smaller amount 
of bound fatty acid is necessary to produce a given effect, it is apparent 
that the non-polar portion of the fatty acid anion must also have some 
function in the stabilization against urea denaturation. 


SUMMARY 


1. Studies have been made of the influence of fatty acid salts on the 
denaturation of human and bovine serum albumin by urea or guanidine 
hydrochloride, viscosity increase being used as the criterion of denaturation. 
2. Low concentrations of fatty acid salts prevented the viscosity in- 
crease Which otherwise resulted when the albumin was dissolved in 6 m 
urea. 

3. The effect of the fatty acid anions increased with the chain length, 
and the increase in stabilizing properties was greater than the increase in 
the amount of bound fatty acid. 

4. Concentrations of fatty acid salts sufficient for maximum effect 
resulted in a weight intrinsic viscosity for the albumin slightly greater 
than that of the albumin dissolved in water. This difference may have 
heen due to a slight extension of the molecule in the presence of the urea, 
or to a solvation of the albumin by the urea, or to a combination of these 
effects. 

5. Addition of caprylate to albumin solutions previously denatured by 
6M urea resulted in a prompt, pronounced viscosity decrease. The extent 
of this refolding of the extended molecule decreased with the time of ex- 
posure to the urea. These results indicate that the denaturation of the 
srum albumin by caprylate occurs in two stages, and that the initial rapid 
wfolding which occurs is readily prevented or reversed by caprylate. 

6. In contrast to the behavior of serum albumin, serum y-globulin was 
hot protected from urea denaturation by the addition of caprylate. 

7. Caprylate also prevented the viscosity increase which otherwise 
oeeurred when the albumin was dissolved in 2.5 M guanidine hydrochloride, 
but had no stabilizing effect when 6 m guanidine hydrochloride was used. 
Sodium sulfate likewise prevented the denaturation by 2.5 m guanidine 
bydrochloride, but when compared on a concentration basis was roughly 
wily about one-twentieth as effective as caprylate. 

8. The data indicate that the action of the fatty acid anions is due to 
their combination with certain groups or areas of the albumin molecule, 
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and that the effect is probably the result of combination of the anion with 
both the positive groups and the non-polar portions of the albumin. 


The work described in this paper was done under a contract, recom. 
mended by the Committee on Medical Research, between the Office of 
Scientific Research and Development and Stanford University. 
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THE EFFECT OF RIBOFLAVIN DEFICIENCY UPON 
CARBOHYDRATE METABOLISM IN ANOXIA 
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(From the Department of Home Economics, University of California, Berkeley) 


(Received for publication, October 22, 1945) 


It has been reported by many investigators that a normal fasted animal 
exposed to low oxygen tension will increase its carbohydrate stores over 
the fasting values at sea level (1-6). The source of this increased carbo- 
hydrate appears to be protein, and the stimulus to glyconeogenesis may 
be through the adrenal cortex or the pituitary gland. 

Riboflavin has been shown to be related to both carbohydrate (7, 8) 
and protein (9-12) metabolism, and there is conflicting evidence that the 
adrenal cortex may or may not be related to the phosphorylation of ribo- 
flavin (13-15). This substance, because of its relation to carbohydrate 
and protein metabolism, may be a necessary component of the carbo- 
hydrate or protein systems that are stimulated by low oxygen tension. 
Thus, a riboflavin-deficient animal might be unable to respond to anoxic 
anoxia as a normal animal does; that is, by increasing its total carbohydrate 
levels. If the deficient animals do not respond normally to low oxygen 
tension, this failure might be due not only to the derangement of the 
oxidase system but also to the diminished food intake which accompanies 
the deficiency, or to some permanent structural change brought about by 
the deficiency state. 

The problem of the relation of riboflavin to the carbohydrate metabolism 
that is stimulated by low oxygen tension was studied by comparing the 
tissue carbohydrate levels in normal, riboflavin-deficient, and pair-fed rats 
held at atmospheric and reduced pressure for a 24 hour test period. 


EXPERIMENTAL 


Male and female rats of the Long-Evans-Wistar strain, weighing 37 to 
45 gm., were placed on a riboflavin-deficient diet for a period of from 4 to 
6 weeks, or until their depletion was indicated by a weight plateau for 4 
to 5 days or a weight loss of 5to 6 gm. The composition of the diet was 
vitamin-free (Labco) casein 22.0, sucrose 66.5, hydrogenated cottonseed 
cil 9.0, salts (16) 2.5. The vitamin supplements in mg. per rat per day 
were thiamine hydrochloride and pyridoxine hydrochloride, each 0.02, 
calcium pantothenate and p-aminobenzoic acid, each 0.1, and choline and 
inositol, each 5.0. Vitamin A (143 1.u. daily) was supplied from gray- 
fish oil, and vitamin D (10 1.v. daily) as irradiated ergosterol. 1 ml. of 
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rice bran concentrate’ extracted with fullers’ earth (1:10 dilution) was given 
three times a week.’ 

Three groups of rats were set up after the depletion period, and these 
groups further divided just prior to the 24 hour test period. These were 
(1) normal, receiving 0.01 mg. of riboflavin daily, (2) pair-fed, receiving 
the same amount of riboflavin but restricted to the quantity of basal diet 
eaten by the deficient rats, and (3) those receiving no riboflavin. The 
animals were maintained for 7 to 9 weeks after depletion on these diets, 

The test period consisted of a 24 hour fast at reduced or atmospheric 
pressure, after which the animals were killed and their liver glycogen, 
muscle glycogen, blood sugar, and liver riboflavin determined. During 
the 24 hour test period the rats received no food or water, these being re- 
moved at a uniform time before the exposure period. Sea level control 
groups were kept under the same conditions as the low pressure groups; 
except for the oxygen tension. During the anoxic period all animals were 
confined in individual, reclining, wide mouth glass jars, which had strips 
of wire screening for platforms, and which were sealed with canning lids 
and screw tops through which passed two metal tubes, one connecting 
with the air line and the other with the vacuum system. The jars were 
supported on a rack, and each series of jars was connected with a separate 
air and vacuum line. The pressure inside the jars was controlled by means 
of a needle valve inserted in the air and vacuum lines.’ The pressure used 
for these experiments was 349 mm. of Hg corresponding to 20,000 ft. of 
elevation, and an adequate air flow was provided. The pressure was 
lowered at the rate of 3000 ft. per minute. The temperature of the cham- 
ber in which the animals were kept was 23-24° and care was taken to main- 
tain this temperature in the room in which the animals were sacrificed. 

The riboflavin-deficient animals were divided into two groups just prior 
to the anoxia period. Each rat in one of these groups received an intraper- 
itoneal injection of 1 ml. of 0.9 per cent NaCl solution containing 0.1 mg. 
of riboflavin, just before being placed in the chamber. All the other de- 
ficient animals were injected with 1 ml. of 0.9 per cent NaCl by the same 
route. 

The animals sacrificed were anesthetized with sodium amytal by in- 
traperitoneal injection (140 mg. per kilo) and were unconscious within 3 
to 4 minutes. 


1 This was the concentrate marketed under the name of Galen “‘B” by the Galen 
Company, Inc., Berkeley, California. 

? The growth of animals during the first 2 weeks after weaning was 0.7 gm. daily 
per rat with the concentrate and 0.5 gm. daily without it. This additional growth 
may have been due to the slight amount of riboflavin that was present in the con- 
centrate (0.15 y per ml. as fed). 

* The apparatus was designed by V. V. Herring, Institute of Experimental Biology, 
University of California, Berkeley. 
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The left gastrocnemius was removed immediately and placed in cold 30 
per cent KOH for the determination of glycogen. The abdominal cavity 
yas opened and blood removed from the inferior vena cava. Blood pro- 
teins were precipitated immediately with CuSO, and Na2WQ, (17). The 
liver was then removed and placed in cold 30 per cent KOH in 50 ml. 
Pyrex centrifuge tubes, the tubes covered with tin-foil, placed immediately 
in a boiling water bath, and left there for about 1 hour, after which they 
were cooled and weighed. The tubes containing muscle samples were 
weighed and then placed in the boiling water bath for 1 hour. To pre- 
cipitate the glycogen 1 volume of water and 2 volumes of 95 per cent ethyl 
alcohol were added, the tubes were placed in the boiling water bath until 
the boiling point was reached, and were removed and replaced in the bath 
the second time. The glycogen tubes were then stored overnight in the 
ice box. The next morning the glycogen was centrifuged, the supernatant 
liquid poured off, 1 n H:SO, added, the tubes covered again with tin-foil, 
and the 2 to 3 hour hydrolysis begun. After hydrolysis the tubes were 
stored overnight in the ice box. For the glucose determinations the con- 
tents of the tubes were transferred quantitatively to volumetric flasks, 
neutralized with 5 per cent KOH (phenol red), and made to volume. 2 
ml. aliquots were taken for the determination of reducing sugar. 

Glucose was determined by the method of Benedict (18). The color 
reagent used was prepared by a slight modification of that described by 
Benedict (19) and all colorimetric readings were made on a Klett-Summer- 
son colorimeter. 

Liver riboflavin was determined by the microbiological method of Snell 
and Strong (20). Extraction of tissue riboflavin was accomplished by 
autoclaving the finely ground tissue in 0.04 n H2SO, at 15 pounds pressure 
for } hour, followed by digestion at pH 4.5 with 0.5 per cent clarase for 2 
hours at 50°. 


Results 


The data reported in this paper were obtained on rats fed a basal diet 
containing Labco casein, which contained 0.35 to 0.40 y of riboflavin per 
gm. as determined by microbiological assay.‘ The total amount of ribo- 
favin that a rat ingesting 10 gm. of the diet would receive was about 0.9 y, 
ance in addition to the riboflavin of the basal diet the fullers’ earth-ex- 
tracted rice bran concentrate contained 0.15 y per ml. The rats exhibited 
vere riboflavin deficiency symptoms, spectacled eyes, general alopecia, 
ad corneal opacities. 

The four groups of carefully selected rats, matched as to sex, weight, and 


* The method adopted for preparation of the casein for assay included autoclaving 
jhour at 15 pounds pressure in 0.5 n H,SO,, addition of solid NaOH until flocculation 
curred (about pH 2.4), and filtration, followed by neutralization of the filtrate. 
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litter, were designated as follows: (1) normal, those which had received the 
diet ad libitum and 0.01 mg. of riboflavin daily; (2) deficient, those which 
had received the diet ad libitum but no riboflavin; (3) injected deficient, 
those treated identically with the deficient group but which had received 
one injection of 0.1 mg. of riboflavin immediately before entering the low 
pressure chambers; (4) pair-fed, those which had received only the amount 
of diet eaten by the deficient group but 0.01 mg. of riboflavin daily, 

All groups lost slightly more weight at low pressure than at sea level 
during the 24 hour fast, but the difference was significant only in the normal 
group. Deficient and injected deficient animals lost more weight at sea 
level than did the normal animals, but not more than did the pair-fed 
animals (Table I). 


TABLE I 


Average Weight, Daily Food Intake, and Weight Loss during 24 Hour Fast of Normal 
and Riboflavin-Deficient Rats 








Daily food 











Experimental group | No. of animals | Average weight | pm Hon | Weight loss 

| gm.* | gm. | a 

Normal Sea level 9 | 196 | 9 | 5.5404 
20,000 ft. 8 203 9 | 9.2408 

Deficient Sea level 8 88 | 5 | 9.341.2 
20,000 ft. 10 87 5 | 11.0+0.9 

Injected Sea level 8 87 5 | 9.3+1.0 
deficient 20,000 ft. 9 | 90 | 5 | 11.5+0.8 
Pair-fed Sea level 8 | 117 | 5 | 7.041.2 
20,000 ft. eet ae 5 | 8.8404 








* Age, 14 to 18 weeks. 


Liver Riboflavin—The liver riboflavin of the deficient rats was lower 
than that of the normal, pair-fed, and injected deficient groups. The 
injected rats had higher liver riboflavin than did the deficient group, evi- 
dently being able to store some of the injected riboflavin. There was no 
difference between sea level and low pressure groups, except in the pair- 
fed animals, which had slightly lower liver riboflavin at reduced than at 
atmospheric pressure (Fig. 1). The normal group also exhibited this 
tendency. 

Blood Sugar—Riboflavin deficiency produced lower than normal fasting 
blood sugar levels (Table II, Fig. 2). This has also been reported by 
Axelrod, Lipton, and Elvehjem (21) in riboflavin-deficient dogs. The 
low blood sugar was apparently not due to inanition, as the pair-fed con- 
trols had normal levels. The injection of one dose of 0.1 mg. of riboflavin 
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Fic. 1. Riboflavin content of livers of normal and riboflavin-deficient rats at 
sea level and exposed to anoxia (20,000 ft. altitude) for 24 hours. Each bar represents 
the liver riboflavin of a single animal. Group 1, riboflavin-deficient but injected with 
0.01 mg. of riboflavin just before exposure; Group 2, riboflavin-deficient; Group 3, 
normal, fed ad libitum; Group 4, normal but restricted to food intake of the deficient 


group. 


TABLE II 


Effect of Anoxic Anoxia on Carbohydrate Levels of Fasting Normal and Riboflavin- 
Deficient Rats 
































3c 
663 + 25/49 137411) 9 3842 
4c 


| 
13a | 
20,000 ft. /4 9 (2758 + 3656 | 
4g | 


Liver glycogen Muscle glycogen Blood sugar | Liver riboflavin 
Experimental group No. of! |No. of | INo. of INo. of| 
| ani- | } ani- | ani- | ani- | 
| mals mals mals | mals | 
| mg. per cent meg. per cent | mg. per cent y per gm. 
Normal Sea level |5 9 | 158451 [5 9 |5404 36/5 9 [11547 9 bose 
4a} 13a | 14a! 
| 20,000 ft. | 3 2 |2081 + 322/3 9 |s804+ 87/49 14848 | 8 [742 
| |3a| 40 4c] 
Deficient | Sealevel (6 9 | 73415 |6 9 4544+40/69| 5646 | 8 [1942 
120 1d) |2 | | 
| 20,000 ft. |5 2 | 208496 |6 9 \4744 54/6 9 11034 22/10 2142 
3a | 3a 42 
injected { Sealevel (6 9 | 165+ 56 (5 9 473+ 38/59/5846 | 8 2942 
defi- 20! i2¢ i2¢ 
cient | 20,000 ft. |5 9 /1318 + 224/3 9 [503+ 43/59 |164425| 9 log41 
Isa| re 43 
Pair-fed Sea level | 5 ¢ 241 + 54 4 9 482440159 108346 | 8 4543 
3c 
39 
4c 
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into the deficient rats did not raise the blood sugar level at atmospheric 


pressure. 
Liver Glycogen—It cannot be determined definitely from these data 
whether riboflavin deficiency affected the sea level liver glycogen values, 
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wafic. 2. Fasting blood sugar levels of normal and riboflavin-deficient rats at sea 
level and exposed to anoxia (20,000 ft. altitude) for 24 hours. The groups are as 
indicated in Fig. 1. 


Taste III 


Effect of Anoxia (349 Mm. of Hg for 24 Hours) on Carbohydrate Levels of Normal and 
Riboflavin-Deficient Rats; Increase over Sea Level Values* 



































Group Liver glycogen — BJ — Blood sugar + 

mg. per cent mg. per cent mg. per cent 
ee A 1923 + 316; 6.1 | 40487 | 0.4 | 33+ 10] 3.3 
0 Eee See 135 + 97 1.4 20 + 66 0.3 47 + 23! 2.0 
Injected deficient....... 1216 + 230| 5.3 | 156462 | 2.5 | 106425) 4.2 
Se ee 2512 + 359; 7.0 | 181447 | 3.8 | 34412) 28 





e + = (difference of means)/(standard error of the difference). A Value of 2 


or more was taken as indicating a significant difference. 


but Table II and Fig. 3 show the tendency of the deficient animals to have 
lower liver glycogen than any other group. 

The normal animals exhibited a typical increase in liver glycogen when 
exposed to low oxygen tension (Tables II and III, Fig. 3). The riboflavin- 
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deficient rats were not capable of bringing about this increase in liver 
glyeogen at reduced pressure, although some of the animals raised their 
liver glycogen well above the sea level average for their group. This 
inability of the deficient animals to increase the store of liver glycogen was 
not due to inanition, however, because the pair-fed rats evinced better 
glyconeogenesis than did the normal rats. The failure of the deficient 
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Fic. 3. Liver glycogen of fasting normal and riboflavin-deficient rats at sea level 
and exposed to anoxia (20,000 ft. altitude) for 24 hours. The groups are as indicated 
in Fig. 1. 


mats to increase their liver glycogen was apparently a functional disability 
and not due to any structural change brought about by the deficiency, 
because when riboflavin was injected into the deficient animals they were 
tearly as capable of glyconeogenesis as were the normal rats. 

Muscle Glycogen—The muscle glycogen of all groups at sea level was 
Similar (Table II, Fig. 4), with some tendency for the normal group to show 
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greater values than the others. The normal and deficient groups did 
not significantly increase their muscle glycogen when exposed to reduced 
pressure, but the pair-fed and injected deficient rats made small but appar- 
ently significant increases in muscle glycogen under these circumstances. 
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Fic. 4. Muscle glycogen of normal and riboflavin-deficient fasting rats at sea level 
and exposed to anoxia (20,000 ft. altitude) for 24 hours. The groups are as indicated 


in Fig. 1. 
DISCUSSION 


The normal fasting animals subjected to reduced pressure for 24 hours 
increased their liver glycogen and blood sugar significantly when compared 
with sea level controls. This has been reported by Evans (1), by Lewis, 
Thort, Koepf, and Dorrance (2), by Long, Katzin, and Fry (3), and by 
Langley and Clarke (4). The normal animals did not show significant 
increases in muscle glycogen when exposed to low oxygen tension. Evans 
(1) and Lewis and coworkers (2) obtained higher muscle glycogen in normal 
animals subjected to low oxygen tension, but Long, Katzin, and Fry (3) 
reported no difference in this respect between normal animals and those 
treated with adrenocortical extract, a condition which produced effects like 
those of anoxia. 

The state of riboflavin deficiency produced a lower than normal fast- 
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ing blood sugar, which was not due to inanition and was not affected by 
the injection of 0.1 mg. of riboflavin just previous to the beginning of the 
% hour fast. The liver glycogen levels of the fasting riboflavin-deficient 
rats at sea level were somewhat lower than those of the normal, pair-fed, 
and injected deficient animals, but the variation within groups was too 
great to make the difference significant (Fig. 3). The muscle glycogen of 
the deficient rats was also at a slightly lower level than normal at sea level 
(Fig. 4). It appears from these data that riboflavin may be concerned 
with glucose formation at sea level under fasting conditions. 

When the riboflavin-deficient animals were exposed to low oxygen tension 
in the fasting state, they were incapable of stimulating glyconeogenesis 
at a normal rate. Although there was much variation, many of them 
(Fig. 2) increased their blood sugar to higher than sea level values, but 
even those animals with high blood glucose failed to increase the liver 
glycogen to the usual level seen under reduced pressure. The muscle 
glycogen of the deficient animals did not increase at low pressure, but this 
was also true of the normal animals. These data indicate that the ribo- 
flavin deficiency state rendered the animals incapable of increasing their 
carbohydrate levels at reduced pressure, probably due primarily to failure 
of increased formation of glucose, or to inadequate glycogenesis or to both. 
To determine the true cause, glucose excretion of fasting animals under 
anoxia should be determined, as well as the liver glycogen levels of ribo- 
flavin-deficient rats given a glucose meal just before exposure to reduced 
pressure. 

The injection of riboflavin into the deficient animals apparently had no 
significant effect upon the carbohydrate levels at atmospheric pressure. 
{t reduced pressure, however, the effect of the single injection was imme- 
diate and quite marked. The blood glucose rose to an average higher than 
that of any other group® and liver glycogen was deposited to nearly the 
same degree as in the normal rats. This group of deficient animals was 
able to respond to low oxygen tension, in one respect more effectively than 
the normal animals, that is, by greater rise in blood glucose. This seemed 
toindicate specificity of function of riboflavin in the glyconeogenic mecha- 
nism. The increase in liver glycogen was less than that of the normal and 
pair-fed groups but the increase in muscle glycogen was greater (Table ITI). 
Possibly the liver glycogen level might have been increased further if the 
fiboflavin had been administered in two or more smaller doses during the 
anoxic period, to prevent loss by excretion of temporary excess. 


‘Statistical analysis does not show a significant difference between the blood sugar 
inerease of the deficient and injected deficient rats, because the standard deviation is 
However, the injected animals definitely increased their liver glycogen, 

which probably indicated higher blood glucose levels. 
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The carbohydrate levels of the pair-fed rats were the same as those of 
the normal at sea level, but under anoxia the increase in both musele 
and liver glycogen appeared to be greater than was seen in the normal 
sroup. The final levels achieved were not different in the muscle glycogen 
but svpeared to be significantly higher in the liver glycogen of the pair-fed 
group. This effect of chronic partial inanition was not unexpected, but it 
apparently oecurred only in the presence of riboflavin, since the deficient 
group achieved practically no increase in glycogen. 

If the presence of riboflavin is necessary for normal performance by the 
carbohydrate-forming mechanism stimulated by low oxygen tension, it 
might be expected that the riboflavin content of the tissues would be 
changed during exposure to anoxia. The riboflavin content of the livers 
varied with the riboflavin intake of the animal (Fig. 1). This has been 
reported by Fraser, Topping, and Isbell (22). Under anoxia the only 
significant change was in the pair-fed group, in which there was a slight 
decrease. It cannot be determined whether this decrease represented a 
destruction of riboflavin at low pressure or a mobilization of riboflavin in 
some other tissue at the expense of the liver. Govier (23) recently re- 
ported the work of Grieg, who found during exposure of animals to shoek 
a breakdown of alloxazine adenine dinucleotide, which was resynthesized 
when riboflavin was administered. It may be significant that the great- 
est amount of glyconeogenesis occurred in our pair-fed group in which the 
riboflavin store in the liver was reduced. 

There was a suggestive correlation between the liver stores of riboflavin 
and the increases in liver glycogen produced under anoxia. Thus the 
livers of the pair-fed rats had the most riboflavin and made the greatest 
increase in glycogen, the normal livers were next in concentration of both, 
then those of the injected deficient, and finally of the deficient group. 
Apparently the liver riboflavin threshold value required for glycogenesis 
was attained by the injected deficient but not by the deficient group. This 
riboflavin concentration of the liver may be an accompanying or following 
value, however, rather than the conditioning factor of the glyeogenesis. 

Hailman (24) reported recently the effect of riboflavin in preventing 
the depression of the linguo-maxillary reflex in the dog, and suppression 
of the contraction of the smooth muscle of the frog esophagus, caused by 
anoxia. He believed the effect of the riboflavin was due to improved 
cellular oxidation. 

The riboflavin-deficient animals had two characteristics which might 
indicate adrenal cortical insufficiency. The fasting blood sugar was low 
at sea level, and the carbohydrate mechanism under an anoxic condition 
appeared to be handicapped. One might consider the interrelation of 
symptoms of the two conditions in terms of the theory of Verzdr and Lasat 
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(13) that the adrenal cortex is necessary for the phosphorylation of ribo- 
favin. If this were so, a riboflavin-deficient animal injected with ribo- 
favin hydrochloride could not utilize it to the fullest extent if the rat were 
suffering from adrenal insufficiency as a result of the prolonged deficiency. 
Since the injected animals were capable of utilizing unphosphorylated ribo- 
favin, it must be concluded either that the deficiency produces no adrenal 
cortical insufficiency, or that the adrenal cortex is not necessary for the 
phosphorylation of riboflavin. There is more evidence in favor of the 
latter conclusion, since the deficient animals reacted under anoxia, so far 
gs their carbohydrate metabolism was concerned, as do adrenalectomized 
rats (1-6). The failure of the carbohydrate mechanism was not as com- 
plete in the deficient group as has been reported for adrenalectomized 
animals, but this may be due to incompleteness of the riboflavin deficiency. 


SUMMARY 


1. Rats deficient in riboflavin could not increase their liver glycogen 
levels, when exposed to low oxygen tension, to the same degree as normal 
animals. This inefficiency was not due to the lower food intake of the 
deficient animals, nor to any permanent structural change. 

2. Injection of riboflavin into the deficient animals just before the ex- 
posure period began permitted normal response to low oxygen tension. 

3. The deficient animals had lower blood glucose when fasted at sea level 
than did normal animals, a condition not seen in the pair-fed normal 
group. 

4. The riboflavin content of the rat livers varied with the riboflavin 
intake. 

Riboflavin is indispensable for the operation of the glyconeogenic mech- 
anism that is stimulated by anoxic anoxia, and may be involved in both 
glucose and glycogen formation. 
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NICOTINIC ACID VALUES BY CHEMICAL AND MICROBIO- 
LOGICAL METHODS. EFFECT OF HYDROGEN PEROXIDE 
AND INFRA-RED RAYS ON NICOTINIC ACID 


By ELMER B. BROWN, JAMES M. THOMAS, ann ALBERT F. BINA 


(From the Anheuser-Busch Laboratories, St. Louis) 
(Received for publication, November 2, 1945) 


For comparative purposes the nicotinic acid content of various products 
has been determined by both chemical and microbiological methods. 
Along with this comparative study, work has been done on treatments of 
the extracts and a study of the effects produced as a result of the treat- 
ment on the nicotinic acid content previously determined. A survey of 
the literature discloses that numerous discrepancies in values are obtained 
for nicotinic acid dependent on the material analyzed, the method used, 
and the treatment given the material prior to the determination. Not 
only do these values differ when the determinations are carried out by 
chemical and microbiological methods, but they also vary according to 
the products analyzed, indicating that certain types of materials are en- 
countered that affect the determination when carried out by one method 
on some products that do not interfere in other procedures. 

The microbiological method selected for use in this work is the proce- 
dure of Barton-Wright (1) which we find possesses advantages over other 
microbiological procedures we have tried in this laboratory. This method 
differs from that of Krehl et al. (2) in the following points: (a) the casein 
hydrolysate is doubled in concentration, (b) the concentration of biotin 
israised to 0.4 y per liter, (c) xanthine and xylose are added to the basal 
medium, (d) synthetic dl-tryptophane is used instead of natural l-trypto- 
phane to avoid possible nicotinic acid contamination, and (e) the commer- 
dally available vitamin-free casein hydrolysate, Smaco, is used instead of 
preparing the hydrolysate. This hydrolysate proved free of niacin and 
satisfactory in this work. 

The chemical procedures employed were the methods worked out by a 
group of cereal chemists under the chairmanship of Mr. Steele (3), and a 
modification of the Bina, Thomas, and Brown (4) procedure in which the 
samples were treated and run separately by that method. Aliquots of 
the samples prepared by the collaborative method were used for assay 
by the microbiological procedure. 

Brown, Thomas, and Bina (5) found that cereal extracts contained two 
types of compounds that are measured as nicotinic acid and are differen- 
tiated chemically by the fact that one is readily oxidized and loses its 
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properties as a chromogen, while the second type is stable to hydrogen 
peroxide oxidation and continues to be reactive in the oxidized extract. 
These authors presented the results of analyses made before and after the 
treatment of cereal extracts with oxidizing reagents, and found that oxi- 
dation shows the presence of interfering substances that affect the values 
obtained for nicotinic acid by the microbiological method corresponding 
to similar values with the chemical method. Since Krehl, Strong, and 
Elvehjem (2) reported that they obtained no difference in results when 
they treated their extracts with hydrogen peroxide, further experiments 
were made with this reagent and the results obtained confirm our previous 
findings. Not only do we find this true on the products reported in that 
paper but also on wheat bran and malt extracts treated similarly to whole 
wheat. The value for wheat bran dropped from 215 to 154 and for barley 
malt from 71 to 52 y per gm. as a result of the oxidation with hydrogen 
peroxide and microbiological determination. 

In our previous publication we found no destruction of pure nicotinic 
acid when samples were treated with hydrogen peroxide, and complete 
recovery was obtained regardless of whether the chemical or microbio- 
logical method was used. These results are also confirmed in this work 
and show that hydrogen peroxide does not oxidize nicotinic acid under the 
conditions used and that the reduction in values obtained for nicotinic 
acid in certain products by this treatment is due to the destruction of 
interfering substances contained in the extracts. 

In the experimental part of this paper we find that infra-red radiation 
does not destroy pure nicotinic acid when solutions are evaporated by 
means of an infra-red lamp and that the nicotinic acid is recovered com- 
pletely after the treatment. However, when a solution of erystalline 
nicotinic acid is treated with hydrogen peroxide and evaporated to dryness 
by means of infra-red radiation, the nicotinic acid is almost completely 
destroyed. This method of destruction of nicotinic acid was not expected 
and is being studied further in our laboratory to determine the mechanism 
of the reaction and the products produced. 


EXPERIMENTAL 


Preparation of Extracts—Two methods of extract preparation are em- 
ployed. In the first method, a direct hydrolysis of the sample with 2 
n H,SO, in a boiling water bath is used, as outlined by Steele (3), with 
subsequent adsorption on Lloyd’s reagent and elution with 0.4 N NaOH. 
The second, a water extract, is obtained, which is then hydrolyzed by 
enzymatic treatment and finally on a boiling water bath with hydrochloric 
acid. These extracts, for which data are tabulated in Table I, are ob- 
tained as follows, with wheat bran as an example. A clean wheat bran, 
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gs free of screenings and of germ and endosperm as commercial milling 
permits, was ground in a Wiley mill (laboratory model) through a 30 
mesh screen. 5 gm. of this material are suspended in 75 ml. of 2.0 n 
80, in a 100 ml. volumetric flask and hydrolyzed in boiling water for 


TaBLe I 
Comparative Determinations of Nicotinic Acid 

















Materials Microbiological | Collaborative Din, Fees, 
oy Y per gm. Y per gm. Y per gm. 
Barley, No. 2 Valley. _ 65.0 43.4 38.0 

“ malt, No. 2 Valley : 71.0 46.0 47.0 
Wheat, No. 3 HRW oa 53.0 38.0 40.0 
Oats, No. 1 white 7.2 6.8 6.9 
ae 8.7 7.3 7.4 
Corn, yellow. viii Feb ate oh 15.7 12.5 11.5 
Millet, E. fortune.... - ee 25.2 17.3 15.8 
Milo maize 7 ; - — 22.3 17.2 17.5 
Sargo, Atlas ga ase 25.0 22.5 20.8 
Flax, Viking ; CRA eA Sct 32.5 24.0 23.3 

« Bison Ei ee Be 23.6 19.2 21.5 
Rice, brown......... ee ee 54.9 43.5 47.4 

i iatknts.gsecanccve desabasate> bt 59.0 40.0 43.5 

NN i 6 etn x05) s xa nal wimrmeriile 11.8 11.4 9.6 
Peanuts, runner... nae ‘é 125.0 111.6 123.8 
Cow-pea, Canada 4: 20.0 17.7 19.6 
Soy bean, Illinois. Jos Cea Y. elke ae 16.0 10.0 10.7 
I 5 io hiss 4s cw deme big dts MENG SS 11.3 19.5 20.3 
ae «carmel 10.6 17.3 17.6 
Black eyed peas ee ee 17.2 16.5 23.4 
lentils....... sapicpie: «i erealacael 22.7 21.8 22.7 
Sesame seed... Via ecke ut stab ke 42.5 34.5 43.3 
Poppy “ Sew es abe eee Bees 8.2 9.8 10.7 
Caraway -seed eRe eS 21.2 21.1 21.3 
Watermelon seed...... eavidlvete «maa 15.1 13.0 13.7 
No a 6 «pei nee oc ch ao eae aa 214.8 155.1 140.4 

“germ Shed Sebastes 54.4 42.6 57.6 
Bread, enriched. . ME aan Pear ica: 41.7 35.2 36.6 
Powdered skim milk....................... 10.0 14.0 12.0 
Yeast, dried, brewers’..................... 453.0 450.0 457.0 
Distillers solubles, dry. ..... ee ee 52.5 46.0 53.0 
Penicillin mold, dry...... 5 with aca 142.5 110.0 180.0 








lhour, with occasional mixing. The flask is cooled to room temperature 
md made to volume with distilled water. The contents of the flask 
we well mixed and a 25 ml. aliquot is transferred to a 50 ml. centrifuge 
tube and the pH adjusted to 0.5 to 1.0 with 40 per cent caustic solution, 
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with methyl violet on a spot plate as an outside indicator. 1 drop of 
indicator and 1 drop of the sample are mixed on the spot plate and the 
color compared with that produced when 1 drop of indicator is mixed with 
1 drop of 0.2 nN H,SO,. 1 gm. of Lloyd’s reagent is then added and the 
contents of the tube are mixed well for at least 1 minute. The tube is 
then centrifuged clear and the supernatant liquid discarded. The Lloyd's 
reagent is washed twice by suspending it in 10 ml. of 0.2 N H,SO,, cen. 
trifuging, and discarding the supernatant liquid. After the final washing, 
the tube is inverted and allowed to drain well. 25 ml. of 0.4 n NaOH 
are then added and the contents mixed by stirring and shaking. The tubes 
are centrifuged and the supernatant liquid poured into other centrifuge 
tubes containing 1.6 gm. of powdered lead nitrate, and mixed well by 
swirling. 1 drop of phenolphthalein is added, the solution being deeolor- 
ized if sufficient Pb(NO;). has been used. Solid K;PO, is now added 
until the solution is pink. The pH is adjusted to between 5.0 and 60 
with 10 per cent H;PO, and K;PO, with nitrazine paper as an outside 
indicator. The tubes are centrifuged and the supernatant liquid decanted 
carefully for color development and microbiological assay. 

Three 5 ml. aliquots of each solution are used for color development in 
the chemical procedure, marked a, b, and c. 12 ml. of water are added to 
a, and 1 ml. of water to b. 1 ml. of standard niacin solution containing 
10 y of niacin is added to c. 1 ml. of CNBr reagent is then added to b 
and c, and after 15 minutes 10 ml. of the metol reagent are added. The 
samples are kept in the dark for 1 hour, after which the color is measured 
in a Pfaltz and Bauer photoelectric spectrophotometer at a wave-length 
of about 420 mu with a combination blue and yellow filter. Metol is 
used to produce the color complex. 

The second method is essentially the method of Bina, Thomas, and 
Brown (4), in which a water extract is prepared by suspending 10 gm. of 
ground sample in 125 ml. of distilled water and heating at 15 pounds pres- 
sure in an autoclave for 30 minutes, then cooling to 50°, and adding 0.4 
gm. of taka-diastase. The sample is incubated for 2 hours and again 
autoclaved for 30 minutes at 15 pounds pressure, after which it is cen- 
trifuged and the residue washed twice with 15 ml. portions of hot water. 
The combined extract and washings are then hydrolyzed by treatment 
with 5 ml. of concentrated HCl and held in a boiling water bath for 30 
minutes. After centrifuging, the acidity is adjusted to a pH of 64 t 
6.8 and is ready for assay according to the procedure described by Bina, 
Thomas, and Brown, with p-aminoacetophenone as the color reagent. 
The results are tabulated in Table I, giving the values obtained for 8 
number of products by these different methods. 

Influence of Hydrogen Peroxide Treatment on Nicotinic Acid Values 
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Aliquot portions of the samples of wheat bran and malt extracts, values 
for which are recorded in Table I, were used for treatment with hydrogen 
ide. 50 ml. portions of each of these extracts that had been prepared 
to the final stage, including adsorption and elution with Lloyd’s reagent, 
were treated with 5 ml. of 40 per cent NaOH and 5 ml. of 30 per cent hy- 
drogen peroxide at 70° for 2 hours, then evaporated to dryness on the steam 
bath. The residues were again dissolved in distilled water, the pH ad- 
justed to 6, then diluted to the original volume for nicotinic acid deter- 
minations. 

500 y of c.p. niacin were dissolved in 50 ml. of distilled water and treated 
with NaOH and hydrogen peroxide in exactly the same manner as de- 
sribed above, and the nicotinic acid determined along with the bran and 
malt samples by the microbiological procedure. The values obtained on 
these samples are recorded in Table II, in comparison with the values ob- 
tained on the untreated aliquot recorded in Table I. 








TaB_e II 
Nicotinic Acid Values Obtained by Microbiological Procedure 
Materials Original extract Oxidized extract 
a Na veers. | ypergm. 
eee 214.8 149.2 
EL 5 a OCs er chive ties cue a 71.0 §2.5 
Mee MOIG, C.P.............-.00% 500.0 506 .0 





Effect of Infra-Red Radiation on Nicotinic Acid and Nicotinic Acid in 
Presence of Hydrogen Peroxide—Evaporation by means of infra-red radia- 
tion has become an effective method in the evaporation of liquids and the 
removal of moisture from difficult drying products. Experiments were 
made to determine whether infra-red radiation was applicable for use in 
the concentration of extracts containing nicotinic acid, as this procedure 
is faster and preferred to evaporation on a steam bath, provided it does 
not affect the product. 

Two samples of c.p. nicotinic acid (500 y) were dissolved in 50 ml. 
of distilled water, made alkaline with NaOH, and evaporated, Sample A 
m the steam bath and Sample B under a laboratory infra-red lamp. 
Each sample was dissolved in distilled water, neutralized, made to volume, 
iad analyzed by the microbiological and chemical procedures. Com- 
plete recovery of the nicotinic acid was obtained by all three methods. 

Two other samples of c.r. nicotinic acid were dissolved in 50 ml. of dis- 
tilled water, 5 ml. of NaOH and 5 ml. of hydrogen peroxide added, and the 
lutions evaporated to dryness on the steam bath and under the infra- 
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red lamp as in the previous experiments. Analyses made on these soly. 
tions revealed that Sample A, which was treated with hydrogen peroxide 
and evaporated on the steam bath, was unaffected and gave complete 
recovery by each of the methods, while Sample B, evaporated under the 
infra-red lamp, showed complete destruction as determined by the chemi. 
cal methods and 90 per cent by the microbiological procedure. These 
results are tabulated in Table III. 

50 ml. aliquots of the wheat bran and barley malt extracts were treated 
with hydrogen peroxide, NaOH, and evaporated to dryness on the steam 
bath, and also by the infra-red lamp, exactly as previously described for 





Tasie III 
Results of Nicotinic Acid Analyses 
. . i sy —s | 
—_ “aE Nicotinic acid, c.P., 5007 Found | Es 
Y 
1 Evaporated on steam bath 500 | None 
2 ws with infra-red lamp 500 | * 
3 Treated with H,O, and steam bath 500 6 
4 ie “ «infra-red lamp 40 | 92 
Taste IV 
Results of Analyses of Wheat Bran and Barley Malt Extracts 
Original HO», steam | 1440,, infra-red 
7 per gm. 7 per gm. | 7 per em. 
a, Fin dw aeve we aed « rer ry 214.8 149.2 44.3 
| i a adres rene 71.0 52.5 12) 
Nicotinic acid, c.p., 00 7.......... : 487.0 495.0 50.0 


the treatment of samples recorded in Table II and paralleled with cr. 
nicotinic acid similarly treated. The results of these analyses are re 
corded in Table IV, as determined microbiologically. 
DISCUSSION 

The values for nicotinic acid obtained on the different products listed 
in Table I represent the nicotinic acid content of these products as regu- 
larly determined by the microbiological and chemical methods. A com- 
parison of these results shows that a majority of the cereal products give 
higher values by the microbiological method than by the chemical pro- 
cedures. This is especially true with wheat and malt products, in which 
appreciably higher values are obtained on the same extracts by the micro- 
biological procedure than by the chemical method. This is not the case, 
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however, with oats, rye, wheat germ, and yeast, in which approximately 
the same values are obtained by all methods. On the other hand, lima 
and navy beans give considerably higher values by the chemical than by 
the microbiological method. The values for sesame, poppy, caraway, 
and watermelon seeds are in good agreement by all the methods. The 
same is true of cow-peas, black eyed peas, and lentils, in which almost 
identical values are obtained. Penicillin mold gave different values by 
each method used, probably due in part to the fact that the extract ob- 
tained could not be completely decolorized for the determinations which 
may have supplied some color that interfered in the chemical procedures, 
increasing the values. 

Oxidation of wheat bran and barley malt extracts with hydrogen perox- 
ide materially lowers the nicotinic acid values obtained before the oxida- 
tion, as shown in Table IV. The nicotinic acid values on these oxidized 
extracts by the microbiological method are in close agreement with the 
values obtained on the unoxidized extracts by the chemical methods. It 
is advantageous to make the oxidation treatment with hydrogen peroxide 
on the nicotinic acid fraction after adsorption on Lloyd’s reagent and 
separation from the hydrolysate. This separates the nicotinic acid frac- 
tion from a large amount of oxidizable material in the hydrolysate that 
also is oxidized when the reaction is carried out without this separation. 
This separation gives a more effective procedure in limiting the action of 
the hydrogen peroxide to the nicotinic acid fraction and eliminates loss of 
reagent used up by the other materials. Similar losses in nicotinic acid 
values are shown without this separation but require more reagent and 
time. 

The use of the infra-red radiator to evaporate the extracts produced no 
deleterious effects on the nicotinic acid except in the presence of hydrogen 
peroxide. A temperature of 115° was maintained. 

The hydrogen peroxide treatment produces no destruction of nicotinic 
acid when solutions are evaporated to dryness on the steam bath. 

Nicotinic acid, c.p., treated with hydrogen peroxide and infra-red radia- 
tion, as described in the experiments, undergoes practically complete de- 
struction, as shown in analyses by the microbiological procedure. Similar 
treatment, with cereal extracts, gave values far below the values obtained 
by the chemical methods or on the same oxidized extracts without the 
infra-red treatment, indicating destruction of nicotinic acid as well as 
interfering substances in the extracts, by the combination of these treat- 
ments. 

The fact that nicotinic acid values vary appreciably with the method of 
hydrolysis employed in both the chemical and microbiological methods 
and that drastic treatments with acid or alkali are required to produce 
Maximum niacin values for the products casts doubt on the availability 
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of the niacin to the human organism found by these methods on natural 
products. Water extracts and enzymatic treatment of natural produets 
liberate only a portion of the total material that is liberated by the drastic 
hydrolytic methods usually employed for these analyses and indieate 
that a large percentage of the niacin material is not made available by the 
digestive process when these products are consumed as food. The fact 
that Goldberger and Wheeler (6) found wheat germ much better thap 
whole wheat in their work with pellagra patients, even though analyses 
place them approximately equal in niacin values, points to the faet that 
either the niacin values by chemical and microbiological methods are 
incorrect or the material contained in whole wheat, bran, ete., is not as 
available as the niacin fraction contained in the wheat germ. 

While animal methods are exceedingly difficult and at present limited to 
dogs, it would appear that a comprehensive bioassay of food materials for 
available niacin values would be justified. The large food requirements of 
the dog, the number of animals, and the length of time required would 
impose a considerable task, but the results obtained should clear up a 
number of points that appear to offer no other solution. 


SUMMARY 


Nicotinic acid determinations were made on a number of produets by 
three different microbiological and chemical procedures. With some of the 
products good agreement was obtained by all of the methods, while with 
other products wide variations resulted. These variations depend as much 
on the product analyzed as upon the procedure used and point to the faet 
that the different methods are not specific for the same material. 

Oxidation materially lowers the apparent nicotinic acid values of extracts 
of wheat and malt products but solutions of pure nicotinic acid are not 
affected by the same treatment. Infra-red radiation of nicotinic acid 
solutions in the presence of oxidizing reagents produced destruction of the 
nicotinic acid. 

The drastic treatment required for the liberation of nicotinie acid from 
natural products is such that doubt is cast on the availability of large 
proportions of these values in human nutrition. 
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PEA STARCH, A STARCH OF HIGH AMYLOSE CONTENT 


By G. E. HILBERT anp M. M. MacMASTERS 


(From the Starch and Dextrose Division, Northern Regional Research Laboratory,* 
Peoria, Illinois) 


(Received for publication, November 12, 1945) 


Two general classes of starch have been recognized up to the present 
time, the common starches, containing both amylose and amylopectin 
molecules, and the waxy or glutinous cereal starches, which are comprised 
almost entirely of amylopectin. The first class can, in turn, be subdivided 
into two broad groups, one composed of the so called root starches, such 
as tapioca, potato, and sweet potato starch, which contain about 17 to 22 
per cent amylose, and the other comprising the cereal starches which con- 
tain approximately 25 to 29 per cent amylose. 

The differences in physical properties exhibited by pastes, sols, and 
gels of starches of these two groups result, in part, from the difference in the 
ratio of amylose to amylopectin molecules; 7.¢., of linear to non-linear 
molecules. Other important factors influence the differences in physical 
characteristics of starch-water systems of the two groups; these include 
the average chain length of the amylose, the amount of phosphoric acid 
directly bound to the amylopectin, and the degree of association of amylose 
and amylopectin. 

One starch in a possible third group containing slightly over 30 per cent 
amylose has been described (1). This was obtained from Easter lily bulbs. 
Its paste characteristics are more like those of corn-starch than of the root 
starches and it may belong with the cereal starch group. 

Mr. J. P. Nielsen of the Western Regional Research Laboratory noted, 
during a study of the colors given by a number of starches with iodine, that 
a peculiar coloration was obtained in the case of starch from garden type, 
wrinkled seeded peas (2). On the basis of this color, he believed the 
amylose content of wrinkled seeded pea starch to be exceptionally high, 
and estimated it to be about 75 per cent. Mr. Nielsen called this conelu- 
sion to the attention of the authors. Apparently the only other experi- 
mental work on pea starch was that carried out by Reichert (3) who re- 
ported no unusual characteristics. Because a starch having such a high 
content of amylose would be unique and might have unusual physical 
properties, a thorough study of it, as suggested by Mr. Nielsen, appeared 
desirable. Starch was therefore prepared from wrinkled seeded peas, and 


* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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its amylose content determined by as exact methods as are at present 9 
our disposal. Observations were made also on granule characteristics 
such as microscopic appearance, gelatinization, and x-ray pattern, ang 
paste properties, including viscosity and light transmittancy. 


EXPERIMENTAL 


Starch prepared from wrinkled seeded peas of the Alderman, Perfee. 
tion, and Stratagem varieties was studied. Complete data were po 
collected on starch from all three varieties. Alderman variety, however, 
which was included in-all studies, may be regarded as representative of 
the class. Polarimetric starch determination indicated that both the 
Alderman and Stratagem peas contained about 30 per cent starch on a dry 
basis. 

For separation of the starch, whole peas were steeped for 24 hours at 
40° or 49° in distilled water to which a few ml. of toluene were added to 
inhibit the growth of microorganisms. The peas were then processed by 
the method used by Cox, MacMasters, and Hilbert (4) for the preparation 
of starch from corn. Starch recovery was poor, averaging from 5 to 10 
per cent of the total air-dry weight of the peas, or about 18 to 30 per cent 
of the total starch present. The starch recovered appeared representative 
with respect to microscopic appearance and granule size. 

Moisture, nitrogen, phosphorus, and ash content of the starch and 
starch content of the peas were determined as described by MacMasters 
and Hilbert (5). Fatty acids were determined by the method used by 
Whistler and Hilbert (6). 

Transmittancy curves of the starch during pasting were obtained by 
Morgan’s (7) method with slight modifications made in the apparatus by 
S. A. Karjala (unpublished). 

The procedure used to determine the gelatinization temperature of 
the starch granules was essentially that described by Reichert (3). Gelati- 
nization temperature is defined as that temperature at which birefringence 
has been lost by all the granules. 

Viscosity was determined in a MacMichael viscometer, as described by 
MacMasters, Eck, and Hilbert.' 

The method described by Bates, French, and Rundle (8) and modified 
by Wilson, Schoch, and Hudson (9) was used for determining the iodine- 
sorptive capacity of starch and amylose. Before the determination was 
made, each sample was extracted for 48 hours with 85 per cent methanol in 
a Soxhlet extractor to remove fatty material. After this extraction, the 
starch contained about 0.05 per cent fatty material. Iodine-sorptive 


! MacMasters, M. M., Eck, J. W., and Hilbert, G. E., in preparation. 
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capacity is reported as mg. of iodine sorbed per gm. of starch or starch 
fraction. 

Fractionation of pea starch was effected by a modification of Schoch’s 
(10) method. Prior to fractionation, the starch was largely defatted by 
Soxhlet extraction for 48 hours with 85 per cent methanol, and was then 
pregelatinized by treatment with liquid ammonia and precipitation with 
aleohol, a method which is to be described elsewhere (J. E. Hodge, un- 
published data). The gelatinized starch, dried out of aleohol, was suspended 
in water saturated with butanol at 90°. After 1 hour the system was 
allowed to cool slowly to room temperature. The crude amylose complex 
which separated was purified by immediate redispersion, without drying, 
by heating at 15 pounds gage pressure for 30 minutes in water saturated 
with butanol. The hot system was centrifuged to remove the appreciable 
quantity (about 5 per cent of the original starch) of ungelatinized granules 
still present, and again cooled slowly to permit formation of the purified 
amylose-butanol complex. The amylose was liberated from the complex 
in the manner described by Schoch (10). 

The method of Schoch and Jensen (11) was used to determine the al- 
kali lability value of the amylose. 


Results 


Physical Characteristics of Granules—Starch granules from the cotyledon 
of garden type, wrinkled seeded peas are, in general, approximately globular 
in form and rosette-shaped (Fig. 1), and, unlike most starches, do not 
exhibit a cross when viewed between crossed Nicol prisms. Rather, they 
show small wedge-shaped bright sectors, with the apex of each pointed 
toward the center of the granule (Fig. 2). Birefringence of the globular 
granule is, however, relatively weak. In starch from the Alderman variety, 
an occasional ellipsoidal granule was observed which exhibited a distinct 
cross. One of these which is strongly laminated is shown in Figs. | and 2 
at the right of the field. None of these ellipsoidal granules were observed 
in the starch from the Perfection and Stratagem varieties of peas. 

Each of the common globular granules has a number of cracks or cleavage 
planes radiating from the center. Pea starch from several garden type, 
wrinkled seeded varieties was studied by Reichert (3) who considered the 
deeply fissured granules to be “probably simple.” Cleavage of the granule 
along the planes or fissures into several small fragments, usually four to 
sx in number, is not uncommon. When viewed between crossed Nicol 
prisms, however, each fragment shows a cross. The whole appearance, 
as Well as the behavior of the fragments upon heating in water, indicates 
that each globular granule is a compound granule, composed of several 
simple wedge-shaped granules which are the fragments formed by cleavage. 
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In Fig. 1, at the lower center, a compound granule is shown which is just 
beginning to break up into simple granules. Several simple granules and 
some intact compound granules are also shown in Figs. | and 2. Although 
generally only simple granules are found in the common commereia| 
starches, it is well known that starch from some plants consists almost 
entirely of compound granules (3). 

The compound granules of wrinkled seeded pea starch average from about 
20 to 40 uw in diameter. The simple granules which comprise them are 
irregular in shape and hence difficult to measure, but are, roughly, about 





Fic. 1. Ungelatinized starch granules from the Alderman variety of wrinkled 
seeded peas. XX 300. 





Fic. 2. Same field as Fig. 1, between crossed Nicol prisms. XX 300 
twice as large as the average small granules of commercial wheat starch. 
Although some of the compound granules break up during the separation 
of the starch from the other constituents of the cotyledon, many remain in- 
tact when heated in water to 120°, the simple granules swelling somewhat 
in situ. 

The most striking characteristic observed for starch from wrinkled 
seeded, garden type peas was the high gelatinization temperature. —Prac- 
tically all other known starches are completely gelatinized upon being 
heated in water to 75° or 80°. These pea starches, however, were only 
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partially swollen (Fig. 3) and still showed some birefringence (Fig. 4) after 
heating in water at 95-97" for 20 minutes, and even after | hour at 120°, 
These results are contrary to the findings of Reichert (3) who reported the 
gelatinization temperature of starch from garden type peas to be 72.5 
75°. Starch from the Thomas Laxton variety of garden type peas, sepa- 
rated in Reichert’s laboratory and presumably the sample which he studied, 
was found by the present authors to be incompletely gelatinized at 95°, 
similar to the samples freshly prepared in this Laboratory. 





Fig. 3. Perfection variety pea starch granules heated in water at 95-97° for 20 
minutes. X 300. 





Fic. 4. Same field as Fig. 3, between crossed Nicol prisms. X 300 
£ 


Starch from wrinkled seeded peas either in the gelatinized or un- 
gelatinized state gives with iodine a clear blue color, with no trace of a violet 
tinge such as is shown by the cereal starches. Root starches also, how- 
ever, give a clear blue coloration with iodine solution. These variations 
in the coloration with iodine are apparently superficial and unrelated to 
amylose content. 

Wrinkled seeded pea starch is the first among the large number of seed 
starches studied in this Laboratory that has been found to give the B 
tay pattern, typical of potato starch. In the pea starch x-ray pattern, 
the line number 5 (12) corresponding to the interplaner spacing of 4.47 A 
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is slightly stronger than that of the typical B pattern; otherwise the two 
are identical. 

Non-Carbohydrate Constituents of Granules—Starch from wrinkled seeded 
peas has, in general, an amount of non-carbohydrate constituents inter. 
mediate between that in corn-starch and that in potato starch. Compar. 
ative data on samples of the three starches similarly prepared in the labor. 
atory are given in Table I. The high nitrogen content of the pea starch js 
attributable to the great difficulty encountered in separating the stareh 
from the protein which occurs with it in the cotyledons. Large pieces of 
this proteinaceous material were microscopically visible in the finished 
starch samples. The characteristics of the starch suspensions are not 
attributable to contamination of the sample with protein, however, for 
equally high protein content has only a relatively minor effect upon the 

TABLE | 
Non-Carbohydrate Constituents of Starch 


All values are on the dry basis. 





| | 
Constituent or | ane | Corn-starch Potato starch 

per cent per cent per cent 
Nitrogen 0.60 0.05 0.01 
Phosphorus 0.043 0.020 0.085 
Ash... 0.13 0.06 0.30 
Fatty acid, by weight 0.31 0.70 0.07 

- «titration 0.13 0.45 


properties of starch pastes, and no effect upon the swelling characteristics 
of starch granules. 

Physical Characteristics of ‘‘Paste’’—Because of the limited degree of 
granule swelling, ‘“‘pastes” of wrinkled seeded pea starch, prepared by heat- 
ing 5 per cent starch in water for 1 hour at 95°, have the characteristics of 
suspensions rather than of pastes. The system is opaque and not very 
gelatinous. The granules rapidly settle when the “‘paste’’ is allowed to 
stand without stirring. A 5 per cent corn-starch suspension heated to 80° 
has the same general appearance. When the pea starch-water system is 
allowed to cool to room temperature, a two-layered gel is formed, composed 
of a very stiff layer below one which is only moderately stiff. Layering is 
the result of the settling of the granules. 

The low swelling capacity of wrinkled seeded pea starch is reflected in 
the viscosity of its “pastes.” Even upon prolonged heating in water, the 
viscosity at 90° of wrinkled seeded pea starch-water systems is very low, 
being much less than that of the common and glutinous starches. The 
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viscosity is increased but little when high stirring rates are used to break 
the compound granules into simple granules in an endeavor to permit 
complete swelling of the latter. Under these high velocity stirring condi- 
tions there was no apparent dispersion or breakage of the simple granules. 
Characteristic viscosity data are given in Table II. 

Light transmittancy curves obtained during the heating of 0.1 per cent 
pea starch in water are relatively flat and without inflection (Fig. 5). In 
this, pea starch is unlike corn, potato, and other starches, the light trans- 
mittancy curves of which have a sharp inflection point in the neighborhood 
of the gelatinization temperature. The much greater opacity of suspen- 
sions of starch from wrinkled seeded peas at elevated temperatures is due 
to the limited swelling of the granules. 

Amylose Content of Starch—The amylose content of starch from wrinkled 
seeded peas is much higher than has previously been reported for any 


Taste II 
Viscosity of Starch from Alderman Peas 


5 per cent starch suspension heated 60 minutes at 95°. 








Rate of stirring during heating | Apparent viscosity at 90° 
revolutions per min. | centipoises 
120 2.7 
1000 2.7 
1800 3.6 





starch. This conclusion is reached on the basis both of iodine-sorptive 
capacity of the starch (8) and of the results of fractionation with butanol 
(10). Although the iodine-sorptive capacity of the starch depends to some 
extent upon the variety of the peas from which it is obtained, all of the 
samples studied sorbed over 100 mg. of iodine per gm. of starch. If the 
approximate sorptive capacity of 200 mg. of iodine per gm. of amylose is 
taken as a standard for pure amylose, the amylose content of the pea 
starches studied is calculated to be between 60 and 70 per cent. Data 
and the calculated amylose content are given in Table III. 

Upon fractionation of Alderman pea starch, a 60 per cent yield of amylose 
was obtained. This fraction had an iodine-sorptive capacity of 187 mg. 
per gm., indicating about 93 per cent amylose content. This is about 
the purity obtained for corn amylose under the same conditions of fraction- 
ation. The alkali lability value for the pea amylose fraction was 15.8, 
thus indicating that its molecular size approximates that of corn amylose 
and is appreciably less than that of potato amylose. 
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Fic. 5. Light transmittancy curves of corn, potato, and wrinkled seeded pes 
starch in 0.1 per cent suspension. 








Taste IIT 
j . aid Iodine-Sorptive Capacity and Amylose Content of Wrinkled Seeded Pea Starches 
Source of starch Iodine-sorptive capacity Approximate amylose content* 
? mg. per gm. per cent 
Alderman peas.................. 130 65 
SEIT. Aviat sisla Vdianincdentords 138 69 
EE NW eacs acadieee eas 120 60 


——— 





* Calculated on the assumption that pure pea amylose sorbs 200 mg. of I per gm. 
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DISCUSSION 


The physical characteristics of wrinkled seeded pea starch are consistent 
with its high amylose content. Amylose, because of its high association 
power, is not readily dispersed to form colloidal solutions at temperatures 
below 100°. It is not surprising, therefore, that granules containing largely 
amylose are but little swollen under ordinary pasting conditions. In 
contrast is the behavior of glutinous, or waxy, cereal starches, the granules 
of which consist essentially of amylopectin, contain practically no amylose, 
and swell greatly at relatively low temperatures to form viscous, tacky 

There is no record in the literature of a starch that cannot be 
dispersed by heating in water at 120° for an hour. - Since a large portion 
of pea starch is still incompletely gelatinized after this treatment, the 
‘amylose is presumed to be in an unusually highly associated state. 

Starch from wrinkled seeded peas cannot be classified in any of the 
starch groups known up to the present time. It has approximately twice 
the maximum amylose content previously reported for any starch and 
possesses unusual swelling properties. A new starch group must therefore 
be recognized in which the granule and paste characteristics are markedly 
influenced, by an exceptionally high amylose content. 

At present, starch from the various varieties of wrinkled seeded peas is 
the only kind known to belong in this group. Starch from smooth seeded, 
field type peas is essentially like the common cereal and root starches in 
regard to its amylose content. 


SUMMARY 


Starch belonging to an entirely new class has been found to occur in three 
varieties of garden type, wrinkled seeded peas. The granules do not 
gelatinize completely even after prolonged heating in a boiling water bath. 
As a consequence, the pea starch-water systems heated to 97° resemble 
suspensions rather than pastes. A paste is not formed even after heating 
the system to 120° for 1 hour. Iodine-sorptive capacity and fractionation 
of the starch show the amylose content to be 60 to 70 per cent, depending 
upon the variety of peas. No starch has hitherto been reported with so 
high an amylose content, or such unusual physical characteristics. 


The authors wish to express their appreciation for the suggestion of Mr. 
J.P. Nielsen that garden type, wrinkled seeded pea starch might contain 
a unusually high percentage of amylose. 

Grateful acknowledgments are made of the collection of pea samples by 
the Commodity Development Division, of the x-ray data obtained by 
Dr. N. C. Schieltz, of the analytical determinations made by members of 
the Analytical and Physical Chemical Division, and of the laboratory aid 
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given by J. W. Eck, Margaret Holzapfel, C. W. Bice, J. C. Miers, M, J, 
Wolf, and M. R. Nelson. 
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THE PRESENCE OF CREATINE IN THE TESTES OF VARIOUS 
INVERTEBRATES. THE PREPARATION OF CREATINE 
PHOSPHORIC ACID FROM FISH TESTES* 


By ISIDOR GREENWALD 
(From the Department of Chemistry, New York University College of Medicine, 
New York) 


(Received for publication, October 10, 1945) 


According to Kutscher and Ackermann (1-3), there is a very marked 
difference between vertebrate and invertebrate animals in that the latter do 
not contain creatine, but, in its place, arginine. After the discovery of 
geatine phosphoric acid by Fiske and Subbarow (4, 5) and by Eggleton and 
Eggleton (6), it became of interest to see whether arginine in invertebrate 
muscle was similarly present in combination with phosphoric acid. This 
was shown to be the case for the muscle of crawfish by Meyerhof and Loh- 
nann (7), and for those of Oclopus by Lohmann (8). Indirect evidence, 
chiefly that of the rate of hydrolysis of organic phosphoric acid and the 
effect thereon of the presence of molybdate ions, has indicated the presence 
of arginine phosphoric acid in the muscles of other invertebrate forms, 
including other mollusks and arthropods, platyhelminths, nemertines, 
annelids, podaxonia, and echinoderms (9-13). 

It seemed to be of interest to determine whether the forms that are gen- 
erally believed to be intermediate between the achordates and the true 
vertebrates contained creatine. Accordingly, in 1929, analyses were made 
of the muscles of an ascidian, Boltenia, which is found near the Mount 
Desert Island Biological Laboratory. The teased muscle fibrils of the 
basket contained a substance which, after heating with acid, reacted with 
alkaline picrate solution with the production of an orange color. The in- 
tensity of this reaction indicated an apparent concentration of from 25 to 
42 mg. of creatine per 100 gm. of tissue (Table I). Neither the facilities 
nor the material available permitted further attempt at identification. 

The conspicuous mixed gonads of Boltenia were found to contain from 
36 to 92 mg. of apparent creatine per 100 gm. of tissue. Without heating, 
the same acid extracts seemed to contain 12 to 25 mg. of apparent creatine 
per 100 gm. of tissue. About 150 gm. of gonads were collected, preserved 
by heating in water, and brought to New York for an attempt at isolation 
of the creatine as potassium creatinine picrate. This was unsuccessful. 
In the course of this attempt, 0.190 gm. of betaine picrate was obtained, 
indicating a concentration of at least 44 mg. of betaine per 100 gm. of tissue. 

*Some of the material contained in this paper was reported to the Fourteenth 
International Physiological Congress, Rome, 1932. 
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The only other invertebrate containing any appreciable quantity of 
testes or sperm that was available at Mount Desert Island at that time was 
Echiurus. The sperm-laden nephridia, when extracted with cold 0.1 x HCi, 
yielded only the equivalent of 0.9 mg. of creatinine per 100 gm. After 


TaBie I 


Determination of ‘Apparent Creatine’’ in Various Fresh Tissues 





Concentration 
Species Tissue 2s, <, |—————— 
Range Aver. 
| age 


— 


. 
. 00 gm, ™h- ber 
mg. per 100 gm. 100 gm. 


Boltenia Fibrils of basket { 25-42 | 31 
Mixed gonad 9 36-92 | § 
Echiurus Sperm-laden nephridia | 144 | 14 
Muscle 4 23-40 | 3i 
not heated 3 1-18 | 10 
Loligo Ovaries 2 31-52 | @ 
Testes 9 62-97 §2 
Vas deferens 5 72-229 | 163 
Spermatophore organ 6 44-208 OS 
Ostrea Ovaries 5 31-41 35 
_ Testes 5 57-67 | 8 

Whelk ” and vas deferens 3 <27-<38 | 
Callinectes Testes 4 28-39 38 
Vas deferens 4 42-55 | 47 
Arbacia* Ovaries ' 19-52 | 3 
Testes <5 154-214 | 189 
Asterias* Ovaries 15 | 11-21 17 
Testes, immature 5 | 27-04 | B 
“ mature 13 122-207 | 160 
Strongylocentrotus | Ovaries 36 30-64 
| Testes, Nov. 7 108-177 | 182 
. Pe 21 98-222 | 163 
Apr. 5 | 242-320 | 270 
Ascarist Testes 2 | 27-35 | 3 


* These data were obtained by Dr. Milton Levy. The labile organic specimens of 
starfish testes varied from 12.3 to 25.3 mg., average 20.0 mg., per 100 gm. of tissue. 
These values correspond to 52 to 107, average 85 mg., of creatine. 

+ These data were obtained by Dr. A. Lo Presti. 


heating with acid, the amount was greatly increased, indicating the pres 
ence of 144 mg. of creatine per 100 gm. No additional specimens of 
Echiurus could be collected at that time, but Dr. D. M. Whitaker was kind 
enough to obtain the sperm from several specimens of Urechis collected at 
Morrow Bay, California. This was preserved in aleohol and sent to New 


eons «se cece fF. 0 SF’ s&s & 





=] was 


oa a fs SF 


a cn Sli rl hlC<C  .hlClUC | 


ee  —x«e 8 


ty of 
€ Was 


HC! 


Se| =~SHeSSSSenrsesnse f2Re2e6 


+ & 2 & 





I. GREENWALD 241 


York. From this material, creatine was isolated as potassium creatinine 
te. 

It seemed possible that the presence of creatine in other invertebrates 
had been overlooked by previous investigators, who either confined their 
attention to the muscles or used entire animals. If these were not sexually 
mature at the time, any creatine that sperm might contain would not have 
heen detected. 

It was decided to investigate such animals as might be available, when 
sexually mature, in quantity in the markets of New York. It was found 
that while small amounts of chromogenic material were present in the 
heated acid extracts of the testes of certain mollusks (squid, whelk, oyster) 
or of arthropods (crab), the testes of the sea urchin (Strongylocentrotus) 
contained very considerable quantities. This was first observed early in 
the season with rather immature animals, in which the apparent creatine 
content was about 100 mg. per 100 gm. As development proceeded, the 
concentration of creatine steadily increased to reach, in some cases, as much 
as 320 mg. per 100 gm. ‘The ovaries, whether mature or not, had an appar- 
ent creatine content of only 30 to 50 mg. per 100 gm. 

Without heating, the dilute acid extracts of a large quantity of testes 
contained only about 10 mg. of ‘‘apparent creatinine’ per 100 gm. of tissue. 
After heating, this was increased to about 90 mg. From these acid ex- 
tracts, creatine was isolated either as such, or as creatinine potassium 
pirate in amounts that corresponded quite well with those estimated by 
Jaffe’s reaction. 

If comparison were made with the figures obtained by heating the entire 
tissue, the agreement was not so good. Either some creatine was not ex- 
tracted in the cold, or some other substance yielded a chromogenic material 
on heating with acid. In one experiment, the dilute acid extract contained 
& mg. of apparent creatine per 100 gm. of tissue. The residue, after 
thorough extraction with cold dilute acid, alcohol, and ether, was also heated 
with 0.1. N HCl. An apparent creatine content of 67 mg. per 100 gm. of 
fresh tissue was found. 

The testes of squid (Loligo) were submitted to a similar examination. 
Whereas the entire testes seemed to contain from 70 to 116 mg. of creatine 
per 100 gm., the acid extract contained only from 28 to 32 mg. and, after 
correcting for the color developed without previous heating, only from 13 
tol7mg. It is believed that these tissues contain chromogenic substances 
other than creatine or creatinine and that values of 50 mg. or less of appar- 
«nt creatine in any of our material are probably due to the presence of such 
other chromogenic materials. 

The investigation then developed in two directions. The question arose, 
is the creatine present in sea urchin testes present as creatine phosphoric 
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acid? Dr. Milton Levy undertook to answer this question at Woods Hole 
The sea urchins available yielded too little material, but starfish (Asterigg 
forbesi) were more satisfactory. He found that the testes, but not the 
ovaries, yielded a large amount of chromogenic substance on heating with 
dilute acid, and that the testes contained a corresponding amount of labile 
phosphoric acid. 

A number of attempts were made to prepare pure creatine phosphoric 
acid from the sea urchins available in New York or from vertebrate testes, 
Most of these were unsuccessful. However, after substitution of pierie 
acid for trichloroacetic acid in extracting the tissues, it was a simple matter 
to prepare the calcium salt in pure form and quite satisfactory yield from 
the testes of the carp. 

The other part of the investigation was concerned with the possible 
occurrence of creatine in other forms. These were collected at Roscoff, 
Conearneau, and Banyuls-sur-Mer in France, at Naples, at Morrow Bay, 
California, and at St. Andrews, New Brunswick. As is evident from Table 
II, the concentration in the testes or in the sperm-laden portions of some 
of the animals far exceeds that found in others. As explained above, itis be- 
lieved that the lower values do not represent creatine at all. However, there 
can be little question but that values of 100 mg. or more of apparent creatine 
per 100 gm. of tissue are due largely to creatine. The substance has actually 
been isolated from three or four forms, representing two different phyla of 
invertebrates. It would appear, therefore, that creatine is a constituent 
of the sperm of annelids, Echiuridae, echinoderms, Tunicata, and Balano- 
glossidae, but is probably absent from that of mollusks and Crustacea, and 
presumably of other arthropods as well. 

Since this work was begun, several papers on the subject have appeared. 
Reference has already been made to the isolation of arginine phosphoric 
acid from the muscles of Astacus fluviatilis and Octopus vulgaris (7, 8). In 
addition, Eggleton and Eggleton (14) showed that Amphiorus contains 4 
phosphagen that resembles creatine phosphoric acid in its rate of hydrolysis 
and in the effect of molybdic acid upon this hydrolysis. Colorimetnie 
estimations indicated a creatine content equal to that of the skeletal muscle 
of vertebrates. They were unable to find any evidence of the presence of 
such a phosphagen in the muscle of representative arthropods, mollusks, 
echinoderms, annelids, and coelenterates, nor did they find any colorimetric 
evidence of the existence of creatine in any of these. 

Riesser and Hansen (15) came to a very different conclusion; viz., that 
creatine phosphoric acid is of general occurrence among invertebrates. 
However, as Needham and associates (16) pointed out, the precipitation of 
inorganic phosphate by Riesser and Hansen was probably not complete 
and that what Riesser and Hansen determined was merely phosphate not 
precipitated by magnesia mixture. 
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While the rate of decomposition of creatine phosphoric acid is greatly 
gecelerated by molybdie acid, that of arginine phosphoric acid is retarded. 
Using these facts as criteria, Needham, Needham, Baldwin, and Yudkin 
(10) undertook a comprehensive survey of invertebrates for the presence of 
these two phosphagens. The jaw muscles of Strengylocentrotus seem to 
contain both. Although Walpole’s diacetyl test for creatine was negative, the 
results obtained by the colorimetric estimation of creatinine after heating 
in an autoclave vielded values that agreed with those calculated from the 


TaBLe II 

Determination of “‘Apparent Creatine” in Various Tissues Preserved with Alcohol 
Species Tissue Collected at | Coe 
- mg. per 
| 100 em. 

Maia. . Testes Concarneu | 30 

Langoustine 5 ; | 36 

“ Ovaries oe 46 

Sipunculus nudus Undifferentiated sex <i | 25 

gland 

Sabellaria alveolata. Females a 39 

Males “ 66 

Annelid, unidentified Sperm-laden segments | " | 385 

Chaelopterus vareopedatus Posterior i | Naples | 108 

Diopatra neopolitana « rT rr | 997 

Andovinia filigera Whole ” 266 

Balanoglossus Proboscis and collar “ 312 

Glossobalanus sarnicnsis “ " an Concarneau 203 

‘* Piece with ripe sperm = | 250 
Urechis caupo*. Spermatozoa Morrow Bay | 68ST 
- “‘ . Nephridia with sperm " = 707t 

Microcosmus sulcatus Mixed gonad Banyuls-sur-Mer | 98 
Holothuria tubulosa.. Testes " | Sit 


“¢ St. Andrews,N.B. | 92tf 


Cucumaria frondosa§ 

* Collected by Dr. D. M. Whitaker. 

t Per 100 gm. of dried material previously extracted with aleohol and ether. 

t In aqueous extract. 

§ Collected by Dr. A. H. Leim. 
tate of liberation of phosphoric acid. This is true only if one assumes the 
same degree of conversion (40 per cent) of creatine into creatinine in the 
extracts of muscle as occurred in the controls with solutions of creatine. 
From the description given by the authors ((10) p. 265), it would appear that 
they heated the filtrates from a precipitation with copper sulfate and cal- 
cum hydroxide without previous acidification. Under these conditions, 
itis not surprising that the conversion of creatine into creatinine was not 
quantitative, and it is also much more doubtful that the chromogenic 
material was creatinine. 
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Needham and associates found no creatine phosphoric acid in the museles 
of ascidians. This agrees with the work of Fléssner (17). He used the 
internal mantles of 7000 specimens, mostly Crona intestinalis, with some 
Phallusia mammilata. This furnished enough material to vield 13 gm. 
of adenine picrate and 0.8 gm. of hypoxanthine silver; yet the extracts were 
negative to Weyl’s and Jaffe’s tests. It would appear, therefore, that the 
chromogenic material obtained by the present writer on heating the musele 
fibrils of Boltenia with acid was not creatinine. 

For Balanoglossus, Needham and associates reported from 0.089 to 
0.077 mg. of labile phosphorus resembling creatine phosphoric acid per gm. 
of muscle in various parts of the body. A mixture of the extracts of these 
tissues, calculated from the labile phosphorus content to contain 0.68 mg, 
of creatine, yielded 1.10 and 0.90 mg. when analyzed by Walpole’s diacetyl 
method and 0.82, 0.86, and 0.91 mg. when heated in an autoclave and 
analyzed with the Jaffe reaction, and a conversion factor of 60 per cent. 

Our figure for the proboscis and collar region of Balanoglossus is 3.12 mg. 
of creatine per gm., or more than 12 times that calculated from the labile 
phosphorus reported for the same region by Needham, Needham, Baldwin, 
and Yudkin. 

These workers found no evidence for the presence of creatine phosphoric 
acid in the muscles of any of the annelids examined. Our own results for 
Sabellaria alveolata are in accord with this. However, the high values for 
creatine found in the sperm-laden segments of a number of annelids were 
in all probability due to the actual presence of creatine. In the case of 
Urechis caupo this was confirmed by actual isolation of potassium creatinine 
picrate. 

Using the rate of hydrolysis as indicator, Needham and associates (10) 
found only arginine phosphoric acid in the muscles of Synapta inhaerens. 
Adding to this the demonstration of arginine by means of arginase, Meyer- 
hof (9) found only arginine phosphoric acid in the muscles of Holothuna 
tubulosa. In another species of the same order, Cucumaria frondosa, Ver)- 
binskaya, Borsuk, and Kreps (13) found that the rates of hydrolysis 
indicated the presence of both creatine and arginine phosphoric acids. 

In 1936, Baldwin and Needham (18) reinvestigated the nature of the 
phosphagens in echinoderms. Their criterion was the formation of such 
compounds by tissue extracts in the presence of added creatine or arginine, 
3-phosphoglycerate, and adenylate or adenyl pyrophosphate. 

With extracts of Cucumaria frondosa, they found phosphagen to be 
formed only when arginine was present. However, with,extracts of Pare 
centrotus lividus and Sphaerechinus granularis, they found that phosphagens 
were formed from both bases. 

The identity of the substance formed from arginine was confirmed by 
precipitation of the barium salt, with subsequent hydrolysis to yield a mate- 
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rial giving Sakaguchi’s reaction and forming urea, when treated with 
arginase. 

There Was no such confirmation of the formation of creatine phosphoric 
acid. This was determined as the phosphorus not precipitated by barium 
acetate and “soda” at pH 8.5, yet reacting with the Fiske-Subbarow rea- 
gents within 30 minutes. According to a letter from Dr. Baldwin, “soda’”’ 
was sodium hydroxide, not carbonate, and the protein trichloroacetate was 
not removed before adding the harium acetate and alkalinizing to phenol- 
phthalein. After centrifuging, the supernatant fluid was treated with the 
Fiske-Subbarow reagents. Baldwin and Needham seem to have over- 
looked the fact that some protein trichloroacetate would be expected to 
dissolve and that the excess of barium acetate would reduce the acidity of 
the mixtures. Since the latter might lead to a reduction of molybdie acid 
by some tissue constituent, the evidence adduced for the presence of the 
specific enzymes cannot be regarded as satisfactory. Still less can it be 
held to support the view that creatine phosphoric acid is actually present in 
echinoid muscle. Urease is present in the soy bean and in the jack bean, 
but there is nothing to indicate that urea plays any part in the physiology 
of these beans. 

It is not the purpose of this paper to discuss the various suggestions that 
have been made regarding the genetic relations of the various phyla. How- 
ever, the proved presence of creatine in Echinodermata and in Echiuridae 
and its probable presence in other Annulata point to a genetic relation of 
these phyla to the chordates, while the absence of creatine from the testes 
of nematodes, arthropods, and mollusks seems to indicate that these phyla 
stand in no such relation to the chordates, but represent one or more entirely 
different lines of development. 


Iam indebted to the directors and staffs of the Mount Desert Island 
Biological Laboratory, of the Hopkins Marine Station, Pacific Grove, of 
the Biological Station, Saint Andrews, New Brunswick, of the Laboratoire 
de Zoologie maritime, Banyuls-sur-Mer, of the Laboratoire de Zoologie 
maritime, Roscoff, of the Laboratoire de Zoologie et de Physiologie mari- 
times, Concarneau, and of the Stazione zoologica di Napoli for their coop- 
eration in securing specimens, and to Dr. Milton Levy and to Dr. A. Lo 
Presti for permission to publish their results. 


EXPERIMENTAL 


The method employed for the determination of creatine in fresh tissues 
Was & slight modification of that of Ochoa and Valdecasas (19). Larger 
amounts of tissue were used, and, after the addition of picrie acid, the 
mixtures were diluted to a definite volume. After filtration, aliquots were 
wed for the determinations. 
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The materials collected in France and Italy were weighed and trans. 
ferred to alcohol. Several months later the contents of the bottles, except 
the Microcosmus and Holothuria material, were transferred to beakers, 1 ml, 
of 2 N HCI added for each gm. of tissue, and the mixture heated on the 
water bath to drive off the alcohol. They were then diluted to a volume 
in ml. equal to 10 times the weight of the tissue in gm. After heating at 
125° for 40 minutes, the mixture was treated with an excess of solid pieric 
acid, diluted to a definite volume, and after thorough shaking and satura- 
tion filtered. An aliquot was taken for analysis. 


Isolation of Creatine and Creatinine Potassium Picrate 


(a) From Testes of Strongylocentrotus—The testes were dropped into 1500 
ml. of aleohol as soon as they were removed from the animals. A total of 
1246 gm. was used. After being stirred thoroughly, the material was set 
aside overnight. It was then filtered through muslin. The residue was 
extracted three times with alcohol and three times with ether. The aleohol 
extracts were added, and the mixture was allowed to stand. The preeipi- 
tate was filtered out, taken up in water, acidified with HCl, and filtered. 
Analyses indicated the presence of 0.222 gm. of creatine. The remainder 
of the solution was treated with basic lead acetate, filtered, and the filtrate 
was freed of lead with H.S and then evaporated at 20 mm. to small volume. 
On standing, crystals separated. These were recrystallized from water. 
The yield was 0.202 gm. Upon drying at 100° they lost 12 per cent water. 
Calculation for creatine hydrate, 12.06 per cent. 

The material insoluble in alcohol and ether was air-dried and then ex- 
tracted three times with water acidified to Congo red with hydrochloric 
acid. The combined extracts contained 794 mg. of creatine. They were 
evaporated at 20 mm. to small volume and the glycogen was precipitated 
with an equal volume of alcohol. After dilution and treatment with lead 
acetate and HS, the filtrate was again evaporated in vacuo. Upon stand- 
ing, 0.267 gm. of crystals was obtained. These contained 12.2 per cent 
water. They were combined with those previously obtained. 1.49 mg. of 
the mixture vielded 1.28 mg. of creatinine; calculated, 1.285. 

The filtrates from the creatine were made strongly acid with HCl and 
evaporated to dryness on the water bath. The residue was extracted with 
alcohol and this extract in turn was evaporated. This was continued until 
there was no residue insoluble in aleohol. The residue was then taken up i 
water and warmed with 0.32 gm. of K»CO and 3.6 gm. of pierie acid. The 
erystals that separated on cooling were recrystallized. They weighed 
2.4 gm., melted at 240-242°, and contained 75 per cent picrie acid*and 
18.46 per cent creatinine. Calculated for potassium creatinine pierate, 
picric acid 75.2 per cent, and creatinine 18.55 per cent. 





aon. St Lk) eee 


ne fb fem aelllletlUcrllClUeelCCOlUlCC‘iCD 


o"*tsa4 =a => ns 


Vas 
hol 
ipi- 








I. GREENWALD 247 


The total amount of creatine in the extracts was 1.016 gm. — Of this, 
there were isolated as the hydrate 0.413 gm. and as potassium creatinine 
picrate 0.516 gm., a total of 0.929 gm. 

(b) From Urechis caupo—The material consisted of two specimens col- 
lected by Dr. Whitaker. One consisted of sperm expressed from living ani- 
mals, the other of sperm-laden nephridia obtained by dissection. The 
specimens had been placed in about 10 volumes of alcohol. Upon receipt, 
the aleohol was decanted and the insoluble material was twice extracted 
with ether. The combined alcohol and ether extracts were evaporated at a 
low temperature and lipids were precipitated by the method of Koch and 
Woods (20). The materials insoluble in alcohol and ether were dried, 
weighed, and powdered. They were then mixed with 30 or 40 volumes of 
water and acidified to Congo red with H,SO,;. After 2 days in the ice chest, 
these mixtures were filtered and the filtrates were combined with the fil- 
trates from the lipid precipitation. Aliquots were taken for a determina- 
tion of the creatine. The remainder of the extracts, having an apparent 
creatine content of 22 mg. of creatine, was combined, treated with lead 
acetate, and then with H.S. The filtrate was treated with HCl] and evap- 
orated to dryness. After repeated extraction with alcohol and evaporation 
until no material insoluble in alcohol remained, 10 mg. of KeCO; and 70 mg. 
of pieric acid were added. There were obtained 54.2 mg. of crystals melting 
at about 255°, and containing 75.2 per cent picric acid and 18.6 per cent 
creatinine. The crystals accounted for 53 per cent of the apparent creati- 
nine content of the combined extracts. 

(ce) From Microcosmus sulcatus—145 gm. of the mixed gonads were pre- 
served in aleohol. After 9 months, the aleohol was decanted and the residue 
was extracted with absolute alcohol and then with ether. The combined 
alcohol extracts were evaporated at low temperature. The ether extract 
was added and the mixture was extracted in a separatory funnel with several 
changes of water. ‘The material insoluble in alcohol and ether was ground 
toa powder and extracted overnight with 300 ml. of water at 4°. This 
was added to the aqueous washings of the alcohol-ether extract. Analysis 
indicated the presence of 143 mg. of creatine. Attempts at its isolation as 
ereatine zine chloride or as potassium creatinine picrate failed. However, 
more than 70 per cent of the creatine could be accounted for in the chromo- 
genic power of the picrates obtained. 

(d) From Holothuria tubulosa—105 gm. of testes were preserved in alcohol 
ind subsequently treated in the same manner as the Urechis sperm. The 
combined aqueous extracts contained 54 mg. of apparent creatine. The 
protein residue, on autoclaving, yielded 28 mg. The aqueous extracts 
yielded 0.1155 gm. of a potassium creatinine picrate, which melted at 255°, 
but contained only 73.4 per cent picric acid instead of the expected 75.2 per 
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cent, and only 17.2 per cent creatinine instead of the expected 18.55 per 
cent. The chromogenic value of this picrate accounted for 39 per cent of 
the total apparent creatine in the original extracts. 

(e) From Cucumaria frondosa—29 gm. of testes were kindly collected by 
Dr. A. H. Leim in 1941 and placed in 285 ml. of 95 per cent alcohol. In 
1945, they were treated in much the same manner as described under (a), 
Analysis of the acid aqueous extract indicated the presence of 27 mg. of 
creatine, or 92 mg. per 100 gm. of fresh tissue. In spite of the loss of about 
half of the material, there were isolated 36 mg. of a picrate decomposing 
at 245° and containing 75.8 per cent picric acid and 17 per cent creatinine. 

Tasie III 


Isolation and Identification of Calcium Salt of Creatine Phosphoric Acid from Testes 


of Carp 
Per 100 gm. of tissue sina aoe i Preparation 141 
ms mg. ~. .. : 
Phosphorus, precipitated by Ca(OH), 25.0 28.8 | 14.6 
labile in filtrate. .... 25.2 22.9 30.0 
Creatine, in filtrate. .. 100 145 155 
Total tissue. . , 440 (gm.) 195 (gm.) 
Yield. , 115 (mg.) 131 (mg.) 
per cent per cent 
Calcium, calculated for Cy,HsO;N;PCa- - 12.9 12.46 
4H.O, 12.47% 
Phosphorus, calculated for CsHsO;N;PCa- - 9.63 9.62 
4H.0, 9.66% 
Creatine, calculated for CyHsO;N;PCa:- - 10.5 10.3 


1H.O, 40.8% 


Preparation of Calcium Salt of Creatine Phosphoric Acid from Testes of 
Carp—The fish were purchased in local markets and placed in tap water at 
room temperature. The receptacle was placed in the cold room (5°) and 
the water was aerated continuously. The next day the fish were opened 
and the testes were removed, weighed, and ground with solid picrie acid. 
4 ml. of a cold, saturated solution of picric acid were added for each gm. of 
testes. After being stirred for a few minutes, the mixture was filtered. 
The filtrate was treated with 0.1 volume of a 10 per cent solution of calcium 
chloride and enough sodium hydroxide solution to make it alkaline to 
phenolphthalein. The subsequent procedure was that of Fiske and Subba- 
row (5). One precipitation with 3 volumes of alcohol and three with 1 
volume of alcohol yielded an almost colorless product that yielded satisfac- 
tory data upon analysis. 
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The precipitate produced by calcium chloride and sodium hydroxide was 
extracted with dilute nitric acid and saturated with picric acid. The in- 
soluble material was filtered out and the phosphate in the filtrate was pre- 
cipitated as ammonium phosphomolybdate. This was filtered out, washed, 
and dissolved in dilute ammonium hydroxide. Ammonium magnesium 
phosphate was then precipitated, removed by filtration, and weighed as 
such. 

Labile phosphoric acid was estimated by acidifying a small portion of the 
alkaline filtrate, heating this to 70°, and then making it alkaline again. 
After standing overnight, the precipitate was centrifuged out, washed, 
and then used for a colorimetric determination of phosphorus (Table ITT). 


SUMMARY 


Creatine phosphoric acid was isolated as the calcium salt from the testes 
of the carp. The presence of creatine in the testes of Strongylocentrotus, 
Holothuria tubulosa, Cucumaria frondosa, and Urechis caupo was demon- 
strated by its isolation as such or as potassium creatinine picrate. In two 
ascidia (Boltenia and Microcosmus), in Balanoglossus and Glossobalanus, 
and in various annelids satisfactory isolation was not accomplished, but 
the amount of chromogenic material and some of its properties indicated 
very strongly that it actually was creatine. In the case of Asterias forbesi, 
the apparent creatine was accompanied by an equivalent amount of labile, 
organic phosphoric acid. In the testes of arthropods, mollusks, and of a 
nematode (Ascaris), the amount of chromogenic material was so low as to 
indicate that no creatine was present. 

The phylogenetic significance of these observations is discussed briefly. 
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THE EFFECT OF FAT ON THE UTILIZATION OF GALACTOSE 
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In 1938 Schantz, Elvehjem, and Hart (1) reported that rats, calves, 
and pigs which received liquid skim milk as their sole diet excreted a 
considerable amount of galactose in the urine. No such excretion oc- 
eurred when whole milk was fed. In studies with the rat it was found that 
the addition of 3 to 4 per cent of fat to the skim milk completely prevented 
the urinary loss of galactose, and further investigation proved the fatty 
acid fraction of the fat to be responsible for this phenomenon (1, 2). The 
use of various synthetic triglycerides showed that the even numbered 
fatty acids of more than 10 carbon atoms were effective. Compounds 
such as choline, glycerol, etc., were ineffective in preventing the loss of 
galactose. 

Zialcita and Mitchell (3) in 1945 concluded from studies made with 
synthetic rations containing lactose that fat as such had no influence on 
the utilization of galactose by the rat. The basal ration used consisted 
of lactose 48, fat 28, Salts 4 (4), and casein 20. Approximately equal 
urinary galactose losses were obtained when either butter fat or glucose 
comprised the “‘fat’’ portion of the diet. Somewhat lower excretions 
were found when the fat used was corn oil. The suggestion was made that 
corn oil might contain in the non-glyceride fraction some substance which 
influenced the metabolism of galactose. 

In the present paper more detailed data are given concerning the in- 
fluence of fat on galactose utilization when skim milk or synthetic rations 
containing lactose or galactose were fed to rats. 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain weighing approximately 
200 gm. were used in all of the experiments. Each animal was kept in 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by funds granted by the 
National Dairy Council, Chicago, on behalf of the American Dairy Association; 
also from funds granted by the Evaporated Milk Association, Chicago. We are 
indebted to Merck and Company, Inec., Rahway, New Jersey, for supplies of the 
synthetic B vitamins and a-tocopherol; to the Winthrop Chemical Company, Inc., 
New York, for crystalline vitamin D.; and to The Wilson Laboratories, Chieago, 
for the liver powders. 
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an individual wire mesh cage. 24 or 48 hour urine samples were ¢ol- 
lected under toluene with adequate precautions against contamination 
from either food or feces. A number of collections were taken on each 
regimen until constant galactose excretions were obtained. Food cop- 
sumption records were kept. Sugar determinations were made by a slight 
modification of the Shaffer-Hartmann method (5), with the factor 1.22 to 
convert the values to galactose. 

Studies with Milk Diets—Unpasteurized skim milk obtained daily from 
the University creamery was mineralized with 12 mg. of ferric pyrophos- 
phate (Mallinckrodt N. F. VII), 0.6 mg. of CuSO,-5H,O, and 0.6 mg. of 
MnSO,:-4H,0 per 100 ce. The liquid milk contained 4.65 per cent of 
lactose (equivalent to 2.45 per cent galactose). A commercial skim milk 
powder which contained 46.5 per cent lactose on a dry basis (equivalent 
to 24.5 per cent galactose) was mineralized so that each 10 gm. of powder 
contained the amounts of the minerals given above. Butter fat was 
prepared by decantation and filtration of the fat portion of melted un- 
salted sweet cream butter from the University creamery. To each 100 
gm. of fat were added 2.24 mg. of a-tocopherol, 0.210 mg. of 2-methyl-1 ,4- 
naphthoquinone, 0.50 mg. of 8-carotene, and 0.014 mg. of calciferol. 
The fat was incorporated into the liquid diets by means of a hand homogen- 
izer. Each animal on the fat-free diets received 3 drops of corn oil per 
week which etained the fat-soluble vitamins at levels calculated to 
furnish the amount of each ingested by the fat-fed rats. Water was 
furnished ad libitum to all animals on the non-liquid rations. 

Three rats were placed on each of the regimens shown in Table I, and 
the designated amount of each ration was offered to each animal dgily. 
The galactose furnished per rat per day in Groups I to VI inclusive was 
2.45 gm., provided all of the allotted ration was consumed. 

The results of these experiments are shown in Table I. It is evident 
that the urinary excretion of galactose by rats fed either liquid skim milk 
or skim milk powder was markedly lowered when fat was incorporated 
into the ration. This decrease was not due to a reduced galactose intake 
by the animals receiving fat, for in Groups I and II five of the six rats 
each consumed 2.45'gm. of galactose daily. Of this amount those in 
Group I lost an average of 0.575 gm. in the urine ((ratio, excretion to in- 
gestion) X 100 = 23.5), while only 0.080 gm. was excreted by those in 
Group IT ((ratio, excretion to ingestion) X 100 = 3.27). The same faet is 
clearly evident in Groups VIII and IX. A comparison of Groups III to 
VI reveals no apparent effect of the large water intake on the loss of galae- 
tose. 

To determine the effect of glucose on the utilization of galactose three 
rats were fed 100 ec. of skim milk until the average loss of sugar was con- 





nt 








GEYER, BOUTWELL, ELVEHJEM, AND HART 253 


stant. A supplement of 9 gm. of glucose was then given to each rat daily. 
After constant losses were again obtained, the glucose addition was 
stopped, and the animals were fed only the 100 cc. of skim milk. The 
data given in Table II show that the added glucose decreased the galactose 
excretion to some extent. 

Studies with Lactose Synthetic Diets—The effect of fat on the urinary 
joss of galactose by rats fed lactose synthetic rations was studied with 
the diets shown in Table III. The ration designations ‘‘medium”’ and 
“high plus liver” refer to the levels of B vitamins in each. Twenty-four 


TaBLe | 

Influence of Fat on Galactose Excretion by Male Rats Fed Skim Milk or Skim Milk 
Powder Rations* 

Galactose ingestion and excretion expressed in gm. per day. 


























| Galactose Galactose Excretion 
ingested excreted Ingestion 
os Ration per rat per day - ae Ts denied 
7 Rat | Rat | Rat} Rat | Rat | Rat | Rat | Rat | Rat 
1 2 3 1 2 3 1 2 3 

I | 100 ec. skim milk 2.45/2.45|2.4510.54510.377/0.804|22.2 15.4 |32.8 

11/100“ “ “© + 4 gm./2.16/2.45/2.45/0.04910.084/0.076| 2.27] 3.43] 3.10 
butter fat 

III | 10.2 gm. skim milk powder|2.45)2.45)2.45/0.874/0.720/0.509/35.6 29.4 |20.8 

f 9.74) 5.53! 5.40 


mike “* mea 7 1.96 

| + 4 gm. butter fat | 

V | 10.2 gm. skim milk powder)2.45/2.45/2. 45.0. 425/0.538|0.626/17.3 |22.0 |25.5 
+ H.O to 100 ce. | 

VI 10.2 gm. skim milk powder 2. 45/1 .62)1.650. 147/0.035/0. 035 6.00) 2.30) 2.12 

+ 4 gm. butter fat + | 

H,O to 100 ce. 


1.81/1.85,0.191/0. 100/0. 100 





| 
VII 150 ee. skim milk 3.68'3.68)3.68)1.16 |0.625)1.09 |31.5 {17.0 |29.6 
Vill; so“ “« « 1.9611.96 1.9610.57110.597.0.425(29.1 (30.4 (21.7 








IX —_— = “+ 3.2 |1.96:1.96.1.96:0.240.0.083.0.116)12.2 | 4.24) 5.93 
gm. butter fat | | 











* Each figure represents the result from one rat. 


male rats were divided into four groups; two groups received the medium 
vitamin ration with butter fat and corn oil, respectively, and two groups, 
the high vitamin ration with the two fats, respectively. Both fats were 
fortified with the fat-soluble vitamins at the levels given in the previous 
section. 

The animals had received their respective rations during a 6 weeks 
growth period prior to being placed on this experiment.! They were 
maintained on the 48 per cent lactose level until constant urinary galac- 


1 For growth rates of these animals see Boutwell et al. (6). 
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Tas.e II 
Influence of Glucose on Galactose Excretion by Male Rats Fed 100 Ce. of Skim Milk 
per Day 


Each figure represents the average of the same three animals. 
. _— Galactose excreti 
Days on experiment Glucose* per 100 cc. of milk —— — — X 100 
Galactose ingestion 





20 0 39.3 
27 0 37.3 
37 Glucose supplements started 
56 9 ive 
61 9 20.6 
76 9 18.5 
77 Glucose supplements discontinued 
108 0 31.2 
* Cerelose; commercial glucose monohydrate 
Tase III 
Composition of Lactose Synthetic Rations 
| Vitamin level 
Component | —_ — = 
Medium High plus liver 
paris parts 
Carbohydrate* tr 418 18 
Fat on 28 28 
Caseint . 20 20 
Salts 4f 3 4 4 
Liver powder$ 0 1 
msg. per 100 gm. me. per 100 gm, 
Thiamine 0.200 0.600 
Riboflavin 0.300 0.900 
Pyridoxine 0.300 0.900 
Calcium pantothenate 1.500 6.000 
Choline 100.00 200.00 
Nicotinic acid 1.000 
Inositol 100.00 
p-Aminobenzoic acid 30.00 


*a-Lactose (monohydrate) U. 8. P. Merck, and d-glucose (monohydrate), com- 
mercial cerelose. 

+t Extracted twice with ethyl alcohol and twice with diethyl ether. 

t Hegsted et al. (4). 

§ Wilson’s whole liver powder added at the expense of the ration not fat. 


tose losses were obtained. The dietary lactose level was then dropped 
through steps of 40, 32, 24, and 16 per cent, each level being fed until 
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constant excretions of galactose were secured. In each case the remainder 
of the 48 per cent of carbohydrate was made up of glucose. Table IV 
shows the lactose (and equivalent galactose) levels fed, and the per cent 
of the ingested galactose excreted in the urine. 

Decreasing the lactose level from 48 to 40 per cent reduced the urinary 
loss of galactose in each butter fat group from an average of 15.5 to 7.9 
Lowering the lactose level to 32 per cent caused a still further 




















per cent. 
drop in the amount of galactose lost. Butter fat was slightly less effec- 
. 
Tasie IV 
Results of Experiments with Synthetic Rations Containing Lactose 
Each figure represents the average of three male rats. 
a Ration | Lactose* in ration 
48 per cent | 40 percent | 32 percent | 24 per cent 16 per cont 
Vitamin | rat, 2s percom |#8) = |¥8) 5 (88) 5 | 89) = | 8B) 
ge|.% jas) * (a8) X | se) X | ae) X 
@e= | wle £2 “le [ofl wla| @e& alo | eS] ve 
o | dle |é | ils o ils | o dls Oo tal fm 
-_ gm. | gm. gm. gm. gm. 
| per | per per per per 
| day | day | day day day 
adi 2 5 & . Ss 7 t 
Medium | putter fat... 42°85 18-3 |1.80| 8.1 __ |LATE) 4.684 
\|1.72) 14.2 | | 1.33) 5.8 | 0.80) 6.48 
| Corn oil {\1.40| 10.4 /1.40) 3.6 | 
or 0 -fi | | - 
jon 1.20) 14.4] | 0.86 74 | 
1.99) 12.7 |1.70| 7.7 11.14 | 2.4 
High | Butter fat {/ : ! - ap wae | , at | 3 a 
(12.35) 11.6 1.69) 5.2 0.57) 4.15 
| | | 
— } 2.66) 4.8 1.76; 4.4 | | 
oO | = 
\|2.57) 12.7 | 1.21) 3.7 | 








* The per cent of galactose furnished by each diet equals one-half the per cent of 
lactose. 
t Gm. galactose excreted 
ae - x 100. 
Gm. galactose ingested 
t Average of two male rats. 





tive than corn oil at the higher lactose levels. The significance of the 
slightly lower excretions on the high vitamin B rations must await further 
study. 

Studies with Galactose Synthetic Diets—The influence of fat on the uri- 
nary excretion of galactose by animals fed diets containing galactose as 
such was studied with the rations given in Table V. The level of the B 
vitamins in these rations was that given in Table III under the ‘‘medium”’ 
Vitamin ration. The fat-soluble vitamins were incorporated into the fat 
as described previously. Groups of three rats each were placed on Rations 
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G-2, G-3, and G-4 at galactose levels of 70, 24, and 33.3 per cent, respec- 
tively. After constant urinary galactose losses were obtained, the galae- 
tose level of each diet was lowered to the next per cent with a correspond. 


Taste V 
Composition of Galactose Synthetic Rations 
omens 
Component Ration G-1 Ration G-2 Ration G-3 Ration _G-4 
. | per ceni per cent per cent per ai 

Butter fat 0 10 28 40 
Carbohydrate 80 70 18 33.3 
Casein 16.7 16.7 20 22.2 
Salts 4 3.3 3.3 } 4.5 
Liver concentrate* 2.0 1.0 1.0 1.0 


Composition of carbohydrate portion 


Galactoset 6 12 2470 24 12 6 24 16 12 6 33.3 24/16 12 § 
Glucoset 74° 68’ 560° 46’ 58’ 64. 24° 32° 36° 42’ «0 ” 9.3.17.3' 21.3" 273 


* Wilson’s 1:20 liver concentrate; added at the expense of the ration not fat, 
+ d-Galactose (anhydrous) practical, Pfanstiehl. 
t d-Glucose (anhydrous) c.p., Merck. 


Tasie VI 
Results of Experiments with Synthetic Rations Containing Galactose 
Each figure represents the average of three male rats. 
Fat in ration 


10 per cent 28 per cent 40 per cent 


Galactose 0 per cent 
in ration - — a 
Galactose | Ex. «| Galactose | Ex. Galactose | Ex Galactose | Ex. 
ingested [pn x 100 ingested | In. x 100 ingested Jp X 100 inqestedl In. * 100 
gm. per gm. per gm. per gm. per 
per cent dey da) da . day 
6 1.82 24.1 1.35 IS.1t 1.33 9.63t 1.07 7.62 
12 2.09 51.8 1.46 25.4t 0.93 23.2 2.21T 19.2 
16 2.35 16.1 1.86 35.6 1.45 33.5 0.97 22.9 
24 3.39 57.7 1.87 53.5 1.41 42.1 
33.3 2.46 49.4 
70 15.4 68.7 


* Gm. galactose excreted 
Gm. galactose ingested 
t Average of two rats. 


xX 100. 


ing increase in glucose, as shown in the appropriate column of Table V, 
and the sugar excretion was again followed until constant results were 
obtained. This process was repeated until all of the galactose levels 
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shown had been studied. The rats on Ration G-3 were then placed on 
the fat-free ration, G-1, at a galactose level of 6 per cent. Excretion stud- 
jes were carried out as before, but in this case the changes in dietary galac- 
tose concentration were in an upward direction. The results are given in 
Table VI. 

Fat decreased the loss of galactose, but not to the same extent as when 
the dietary galactose was furnished in the form of lactose. At the lower 
galactose levels the fat effect was greater than at the higher levels. There 
js an approximate linear relationship between the loss of galactose and the 
per cent of galactose in the diet. 

DISCUSSION 

The results reported in this paper confirm the conclusion of Schantz, 
Elvehjem, and Hart (1) that fat increases the utilization of galactose 
by the albino rat. The latter investigators studied this phenomenon 
almost exclusively on a liquid skim milk basal ration, and found not only 
that various fats such as butter fat, coconut oil, ete., were effective, but 
also that the fatty acid fraction was the active component of the fat. 
Through the use of various synthetic triglycerides it was shown that only 
the even numbered fatty acids above 10 carbon atoms could function in 
lowering urinary galactose loss. Glucose was found to be slightly effective 
with some of the animals. 

Our studies with liquid skim milk diets are in close agreement with those 
of Schantz et al. Animals fed 80, 100, or 150 ce. of mineralized skim milk 
excreted in the urine an average of 27.1, 23.5, and 26.5 per cent, respec- 
tively, of the ingested galactose. The addition of approximately 4 per 
cent of butter fat to the skim milk lowered the galactose losses to 3.86 
and 2.93 per cent, respectively, when 80 or 100 cc. were consumed. From 
these and other data presented in Table I the following points are evident: 
(a) fat in some way influences galactose utilization by the rat, (b) the per 
cent of the ingested galactose excreted in the urine is not dependent on the 
amount of ration consumed, (c) the amount of galactose actually used by 
the rat is greatly affected by the total amount of galactose ingested, and 
(d) the large amount of water necessarily consumed on a liquid milk diet 
has little apparent influence on the galactose excretion (compare Groups 
III to VI). 

The data given in Table IT demonstrate that the addition of glucose to 
skim milk lowers the galactose excretion, but not to the same extent as 
does fat, although 9 gm. of glucose would furnish nearly the same number 
of calories as 4 gm. of fat. An obvious effect of the added glucose is to 
decrease the dietary lactose concentration from about 45 to about 25 per 
cent on a dry basis. Since the data in Tables IV and VI show that the 














258 UTILIZATION OF GALACTOSE 


loss of galactose is dependent to a large extent on the per cent of galactose 
in the diet, it would be expected that 4 gm. of fat would be less effective 
than the 9 gm. of glucose; however, such was not the case. It is interest. 
ing to note that in 1922 Folin and Berglund (7) found that with a human 
subject 100 gm. of glucose greatly reduced the urinary loss of sugar which 
resulted from the ingestion of 100 gm. of galactose. 

Zialcita and Mitchell (3) reported that fat had no influence on galae- 
tose metabolism. Using a ration almost identical to the synthetic ration 
containing 48 per cent of lactose and the medium level of B vitamins given 
in the present paper, they found that galactose losses amounted to about 
30 per cent when the fat portion of the diet was composed of either butter 
fat or glucose. When corn oil was used, the value dropped to 20 per cent. 
From these results the authors concluded that Schantz et al. were in error, 
and that possibly corn oil contained a substance in the non-glyceride frae- 
tion which had an effect on galactose metabolism. In support of the 
former conclusion Zialcita and Mitchell (3) state, ‘In the present study 
an artificial solid milk diet was employed. The amounts of fat or glucose, 
and the lactose involved were about the same (as milk) when converted 
to a dry basis.”” This statement is not substantiated by the accepted 
average composition for milk solids; namely, lactose 36, fat 29, protein 28, 
and ash 7 per cent. Table IV shows that dropping the dietary lactose 
level from 48 to 40 per cent was sufficient to cause a decrease in urinary 
galactose loss from an average of 19 down to 9 per cent. 

The lower excretions obtained on corn oil as compared to butter fat 
by Zialcita and Mitchell, and to a somewhat lesser extent by the present 
authors, find an explanation in the work of Schantz ef al. The latter 
workers found the fatty acids below 12 carbon atoms ineffective in pre- 
venting galactose excretion; therefore, it is to be expected that an oil such 
as corn oil, which has no fatty acids below this limit, would be more effee- 
tive than one such as butter fat which contains them to the extent of about 
9 per cent. 

In their study, Zialcita and Mitchell supplemented the rats receiving the 
glucose ration with “‘proper amounts of a glucose solution’’ in order to 
furnish as many calories as the animals on the fat-containing rations re- 
ceived. This would decrease the per cent of lactose in the animals’ daily 
diet, and might explain their obtaining approximately equal excretions on 
glucose and butter fat rations. 

A comparison of the results on the ‘‘medium”’ and “high” B vitamin 
diets shows somewhat lower average excretions in the latter case, but 
further work is necessary before a definite conclusion can be drawn. 

The results in Table VI indicate that fat also lowers galactose excretion 
when free galactose instead of lactose is used in the ration. Within cer- 
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tain limits the per cent of the ingested galactose in the urine is in an ap- 
ximately linear relationship with the per cent of galactose in the diet 
on any level of fat studied. As pointed out earlier in the discussion, the 
per cent of the galactose excreted is not dependent upon the total amount 
of ration consumed; however, the amount of galactose actually metabo- 
lized by the rat depends upon the amount of galactose ingested. 
Dominguez and Pomerene (8) injected galactose intravenously into 
dogs and studied the plasma concentration and urinary excretion of this 
sugar. They found that the rate of excretion was proportional to the 
plasma concentration, but that the constant of proportionality was inde- 
pendent of the quantity injected. However, the rate of utilization was 
linearly related to the plasma concentration. It would be of interest to 
determine what effect fat would have on results obtained in this manner. 


SUMMARY 


1. Fat increases the utilization of galactose by the rat when either 
lactose or galactose is ingested. This phenomenon occurs on milk or 
synthetic type rations. 

2. The per cent of the ingested galactose lost in the urine is independent 
of the actual amount of galactose ingested, but is dependent on the per 
cent of galactose in the ration. 
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THE EFFECT OF PROTEOLYTIC ENZYMES ON RAW AND 
HEATED CASEIN 
By NELSON R. ELDRED axnp GERTRUDE RODNEY 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, October 27, 1945) 


It has previously been observed (Greaves, Morgan, and Loveen (1), 
Morgan (2)) that the heating of dry casein at 140-200° only slightly 
lessens the digestibility of the protein, but considerably impairs the nu- 
tritional value for rats when fed at 18 per cent or lower protein levels. 
They found that the supplementation of the diet with 0.2 per cent lysine 
overcame this deficiency and attributed the reduction in growth to injury 
of the lysine present, with the possibility that histidine might also be in- 
volved to a lesser extent. However, chemical analysis of heated casein 
(3, 4) detected no decrease in the amount of lysine present. The change 
produced by heat appeared to be in the arrangement or availability of the 
amino acids, but a definite answer to the question of the cause of lowered 
biological value has not been forthcoming. 

The previous studies were made in vivo. With the development of a 
rapid, accurate method for lysine analysis (4, 5) it was of interest to de- 
termine whether in vitro studies with crystalline enzymes would show 
lessened activity of the heated protein and a defective release of lysine 
during digestion. Consequently, the present study was undertaken with 
the crystalline enzymes, pepsin, trypsin, and chymotrypsin; the effect of 
erude pancreas on the raw and heated casein was also investigated for 
comparison. 


Materials 


Borden’s edible casein, 50 gm., was spread out in a 6 inch Petri dish 
raised from the oven floor to prevent scorching and heated at 150° for 70 
minutes. This material was used throughout the experiments as the 
source of heated casein. 

Crystalline pepsin was prepared from pepsin (Parke, Davis and Com- 
pany) 1:10,000 by the method of Philpot (6) and the salt-free product 
was found to contain 22.4 K 10~* unit per mg., as was found by Northrop 
(7). Crystalline trypsin and chymotrypsin were prepared from beef 
pancreas by the method of Northrop and Kunitz (8). The activities 
were measured by a procedure similar to that of Anson (9). The trypsin 
contained 55 per cent salt and had 0.44 unit per mg.; the chymotrypsin 
had 30 per cent salt and 1.4 X 10~ unit per mg. 
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Raw beef pancreas, which was obtained fresh from the slaughter-house, 
was freed of fat, ground in a meat grinder, and used as such. 

Lysine decarboxylase was prepared from cultures of Bacterium cada- 
veris, according to the method of Gale and Epps (5) as modified by Zittle 
and Eldred (4). 


Methods 


The general procedure for the enzymatic hydrolysis was as follows, 

4 gm. of raw casein and 4 gm. of heated casein were each suspended in 
80 ce. of water, and the pH was adjusted to 1.8; 40 mg. of crystalline pepsin 
were then added to each flask, and, after addition of toluene and chloro- 
form, they were incubated 3 or 5 days at 37°. The pH was readjusted to 
7.8, 10 mg. of crystalline chymotrypsin and 18.4 mg. of crystalline trypsin 
were added, and incubation was continued for an equal length of time. 
The flasks were then heated for 1 hour on the steam bath, centrifuged, 
and the supernatant fluids were analyzed for total and amino nitrogen, 
and for lysine. : 

In two experiments (Nos. 4 and 5) 5 times the above amounts of enzymes 
were used, with a total digestion period of only 2 days. When fresh pan- 
creas was used, 1 gm. of the ground material was added to the casein 
suspensions at pH 8.0. Digestion was carried out for 25 to 26 hours. 
Total and amino nitrogen determinations were carried out by the miecro- 
Kjeldahl and Van Slyke methods. 

The procedure for the analysis of lysine was as described by Zittle and 
Eldred (4) and consisted of the determination of the CO, released in the 
Warburg apparatus by a standard decarboxylase suspension in phosphate 
buffer at pH 6.0. In a typieal analysis, the flasks contained 2.0 ce. of 
0.2 m phosphate buffer, 0.5 cc. of heated or raw casein digest adjusted to 
pH 6.0, and 0.5 ee. of lysine decarboxylase suspension (10 mg. in 1 ee. of 
water) in the side arm. Control flasks were used for the determination of 
both the initial and the final dissolved COs, in the digests and enzyme, by 
addition of 0.5 ec. of 2. x H.SO,. The experiment was run 40 minutes at 
30° in air. 

Resulis 

The percentages of amino nitrogen liberated by enzymatic digestion of 
the raw and the heated casein were compared. 

The available lysine was similarly calculated on an equal nitrogen basis 
from the ratios of the percentage of lysine liberated respectively from the 
heated and raw casein samples. The percentage of lysine liberated was 
determined in relation to the total protein per cc. The factor used for 
converting total N to protein was 6.42 and was calculated from the analysis 
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of Borden’s edible casein, containing 14.15 per cent N, 1.75 per cent ash, 
and 7.28 per cent moisture. 

Table I gives the total nitrogen, amino nitrogen, and lysine contents of 
the digests from five experiments with crystalline enzymes. The last two 
columns show the calculated per cent digestibility and available lysine of 
the heated casein samples, compared with the raw casein control. Table 


TasBLe I 
_ Digestion with C rystalline Enz ymes 


| Digestion,| Lysine 








Experiment | Time | Substrate, | TotalN | NHN Lysine | heated || heated 
NO. | Taw | raw 
| days | mg. perce. | per cent | mg. per cc. per cont. | per cent per cent 

1 | 6 | Raw 5.0 | 21.6 | 0.38 | 1.19 | | 
| Heated 5.8 | 17.5 | 0.32 | 0.86 | 81.0 | 72.3 

2 10 Raw 6.54 | 29.9 | 1.26 | 3.00 | 

| Heated | 6.84 | 27.5 | 1.00 | 2.29 | 92.0 | 76.3 

3 6 Raw 6.79 18.9 0.34 | 0.78 | 
| Heated 7.05 18.2 | 0.22 | 0.49 | 96.3 | 62.8 

4 2 Raw 6.39 | 22.6 | 0.42 | 1.02 | 
Heated 6.33 | 20.6 | 0.27 | 0.66 | 91.2 | 64.7 

5 2 Raw 6.22 | 22.2 | 0.52 | 1.31 
Heated 6.79 20.5 | 0.42 | 0.97 | 92.3 | 74.0 


Taste II 


Digestion with Pancreas 











Digestion, | Lysine, 

















Experiment | Time Substrate, Total N | NH:-N Lysine | heated "| heat ed 
ae raw | raw 
Ars. | még. ns. perce. oar cent | mg. per ec.| per cent per cent per cent 
6 26 Raw 5.69 | 35.8 | 1.53 | 4.20 | 
Heated 6.02 | 31.2 | 1.21 | 3.12 | 87.0 74.5 
7 26 Raw | 7.55 | 31.1 | 0.91 | 1.88 
Heated | 6.80 | 28.6 | 0.73 | 1.68 | 92.0 | 89.4 
8 25 | Raw 7.08 | 27.4 | 0.59 | 1.30 
Heated ,| 7.12 | 25.0 | 0.29 | 0.63 | 93.6 | 48.8 
9 25 Raw 7.35 | 31.3 1.76 3.74 | 
Heated 7.64 | 28.9 | 1.38 | 2.82 | 92.0 | 75.5 





II gives similar values for four experiments with fresh pancreas. All the 
values given are the averages of duplicate determinations. 
DISCUSSION 


It is apparent that digestibility of the heated casein is only slightly 
impaired, which corroborates the work of Greaves, Morgan, and 
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Loveen (1). On the other hand, the amount of free lysine released by the 
enzymes is much lower after heating the casein, although the total amount 
present in the acid-hydrolyzed protein was found to be nearly the same in 
the raw casein (7.5 per cent) and the heated casein (7.7 per cent). It is 
therefore plain that a change in the availability to the action of proteolytic 
enzymes has occurred during the heating. This may be due to an altera- 
tion in the form of linkage. 

The enzyme lysine decarboxylase used for analysis has been shown to be 
very specific (10) and will not attack a-acetyl-, a-methyl-, ¢-acetyl-, or ¢ 
methyllysine or piperidine a-carboxylic acid. A change involving the 
€- or a-amino group of lysine would therefore affect its availability to this 
enzyme. The a-amino and carboxyl groups are presumably bound up in 
the peptide linkages, which remain unaffected by heat, as shown by diges- 
tion with the crystalline enzymes. Therefore the ¢-amino group would 
appear to be the one involved. 

Neuberger and Sanger (11) have studied the availability of several 
lysine derivatives for the growth of rats and conclude that, although the 
easily hydrolyzed e-N-acetyllysine is nutritionally adequate, e-carbobenzoxy- 
lysine is not. The possibility exists, therefore, that a union of the ¢ 
amino group of lysine with some other group has taken place with the 
formation of a linkage not affected by proteolytic enzymes. 

Adamson (12) has also shown that heating di-lysine produces 40 per 
cent dl-3-aminohomopiperidine, with a free a-amino group available for 
linkage. This indicates that the eamino group of lysine enters easily 
into other linkages at elevated temperatures. 


SUMMARY 

The combined action of crystalline pepsin, trypsin, and chymotrypsin 
on raw and heated casein has been studied. Digestion of the heated 
substrate did not differ greatly from that of raw casein, but the available 
lysine, as determined by the specific enzyme lysine decarboxylase, was 
appreciably less. 

Similar results were obtained with crude pancreas as the source of pro- 
teolytic enzymes. 


The authors are indebted to Dr. C. A. Zittle for suggesting this problem. 
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THE INFLUENCE OF DIET ON THE RIBOFLAVIN METABOLISM 
OF THE RAT* 


By J. W. CZACZKES ano K. GUGGENHEIM 


(From the Department of Hygiene and Bacteriology, The Hebrew University, 
Jerusalem, Palestine) 


(Received for publication, November 13, 1945) 


The dependence of the riboflavin requirement of the albino rat on diet is 
now well established. Mannering, Lipton, and Elvehjem (1) found that 
the fat content of the diet exerts a definite influence; and in a later pub- 
lication Mannering, Orsini, and Elvehjem (2) also demonstrated that the 
kind of carbohydrate fed affects the riboflavin requirement as measured by 
the growth rate. Sarett, Klein, and Perlzweig (3) found an inverse rela- 
tionship between urinary riboflavin excretion and protein intake. Unna, 
Singher, Kensler, Taylor, and Rhoads (4) reported that the riboflavin 
content of the liver of rats fed low protein diets is diminished, even if the 
riboflavin intake is a liberal one. In the experiments of Richter and 
Hawkes (5) riboflavin was shown to stimulate the appetite for fat and 
protein. 

The reports mentioned above indicate the existence of a close relation- 
ship between dietetic ingredients and riboflavin requirement and metab- 
olism. We, therefore, undertook experiments in order to obtain further 
information on the nature of this relationship. 


Methods 


The rats were taken from our breeding stock, as they reached a weight of 
about 50 gm. The stock food of the rats after weaning consisted of a 
mixture of sprouted wheat, oats, and bran, supplemented by milk and 
vegetables in season. 

Under these conditions the riboflavin content of the liver, kidney, and 
muscle averaged 20, 19, and 3.2 y per gm. of fresh tissue, respectively, and 
that of the urine and blood 0.3 and 0.55 y per cc. respectively. In a large 
number of animals tested uniform results were obtained. 

Diets—The standard diet (designated Diet N) consisted of alcohol- 
extracted casein 15 per cent, rice flour 71 per cent, olive oil 10 per cent, and 
salt mixture 4 per cent. In addition each rat received 100 1.v. of vitamin 
A and 2 1.v. of vitamin D twice a week, as well as 0.5 cc. of a riboflavin- 
free yeast extract, corresponding to 0.5 gm. of dried yeast, as described in a 

* These studies were supported by a grant from the Palestine Endowment Fund, 
New York. 
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former publication by Kligler, Guggenheim, and Buechler (6). The ribo- 
flavin content of this diet was negligible (0.1 y per gm.). Diet N supplied 
about 20 per cent of the calories from protein, 60 per cent from carbo- 
hydrate, and 20 per cent from fat. By varying the relative amounts of 
casein, rice flour, and oil the following diets were prepared (the figures 
express percentages of calories): high protein diet, protein 34, carbo- 
hydrate 49, fat 20; low protein diet, protein 11, carbohydrate 69, fat 20; 
high fat diet, protein 20, carbohydrate 40, fat 40; low fat diet, protein 20, 
carbohydrate 76, fat 2. 

Riboflavin in the organs, urine, blood, and feces was estimated according 
to Snell and Strong (7). The feces were treated according to the modifi- 
cation of Strong and Carpenter (8), which involves removal of fatty 
stimulatory substances by ether extraction. 


EXPERIMENTAL 


Riboflavin Content of Organs and Urine under Various Dietetic Condi- 
tions—Large groups of rats (forty to 150) were kept on the five riboflavin- 
free diets described above. Each group was subdivided into two to five sub- 
groups, which received graded amounts of the riboflavin supplement.' This 
varied between zero and 20 y, and was given daily per os. Each subgroup 
consisted of twenty to thirty animals. Two rats of each subgroup were 
killed weekly, and the liver, kidneys, blood, and muscle were tested for 
riboflavin. Before the animals were killed a 24 hour urine sample was taken 
and examined also for riboflavin. Representative data are given in Table I. 

It follows from Table I that the riboflavin content of the organs and the 
urine of rats on Diet N without riboflavin supplement shows a steady 
decrease. On a supplement of 5 y per day a slight decrease in the riboflavin 
content of liver, kidneys, and urine was evident after 2 to 3 months of 
observation. 7.5 y per day sufficed to maintain the riboflavin balance of 
the organism. In spite of the apparent metabolic sufficiency this ribo- 
flavin dosage does not produce optimal growth. Larger doses (10 and 20 7 
per day) cause a steady increase of riboflavin in liver, muscle, and urine. 
Three points seem to be noteworthy: (1) Kidneys are sensitive to ribo- 
flavin deficiency, but they appear to be unable to store riboflavin; (2) the 
riboflavin level of the blood was remarkably steady. Even in severe 
deficiency no blood level was under 0.50 y per ec. and this level was not 
elevated even after 3 months by a daily supplement of 20 y; (3) the most 
sensitive indicators for riboflavin supply seem to be the liver riboflavin and 
the rate of the excretion of riboflavin in urine. 

Rats kept on the low protein diet showed a greatly reduced organ ribo- 


1 We are very much indebted to ASSIA, Ltd., Tel-Aviv, for kindly supplying 
riboflavin. 
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TABLE I 
Influence of Various Riboflavin Doses on Riboflavin Content of Liver, Kidneys, 
Muscle, and Urine of Rats Fed Normal, Low Protein, High 
Protein, Low Fat, and High Fat Diets 





Riboflavin Riboflavin per gm. found in 














Diet given “— Sn Mie Ae 
per day r Liver Kidneys Muscle Urine 
Y 7 Y 7 7 
a 0 4 15 14 2.1 | 0.04 
0 ba 10 10 1.9 | 0.02 
0 12 7 8 1.2 | 0.02 
5 $i Ais) Mien 3.3 | 0.3 
5 s 20 19 3.3 0.2 
5 12 18 » | Be Loe 
7.5 4 eT so" ae ee 
7.5 S 20 0 | 33 | O08 
7.5 12 20 20 3.2 | 0.3 
10 bo) oh blll 3.5 0.4 
10 | st SS f = 3.8 0.4 
10 2 | 23 | 2@ 4.0 0.4 
20 | 4 | 2 20 3.5 0.4 
20 s | vg | @ 4.4 0.5 
20 SS) ja 2 4.5 0.5 
Low protein... i i. | eh ae 1.5 0.5 
7.5 | N . 7 1.2 0.6 
2 12 Dead Dead Dead Dead 
20 4 | 11 9 1.5 0.6 
20 “ee e.4 7 1.1 0.7 
20 12 | Dead | Dead Dead Dead 
High protein. . 7.5 4 17 17 2.9 0.1 
7.5 s 10 SC 8 1.3 0.02 
7.5 12 | Dead | Dead Dead Dead 
15 gi Oo gg ce ae 3.4 0.3 
| 15 So beh of be 3.1 0.3 
| 15 2, 19 tents 3.3 0.3 
Low fat | 3.8 oo ere 3.5 0.3 
| <2 s | 2 20 3.3 0.3 
3.5 12 | 20 19 3.4 0.3 
7.5 4 24 20 | 3.5 0.5 
7.5 8 2° | @ | 4.1 0.5 
7.5 12 7 | 2 142 0.5 
High fat... 7.5 4 7 7 = 0.02 
75 | 8 | Dead | Dead | Dead | Dead 
OY Sa, ae ee | 3.5 0.3 
20 8 20 20 | 3.4 0.3 
Py BY Bre 20 | 3.3 0.3 
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flavin content. This reduction was independent of the amount of riboflavin 
administered. On the other hand, the amount of riboflavin which was 
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excreted in the urine by these rats was increased, the excretion rate rising 
with the amount of riboflavin given. The organism seems to be unable 
to maintain a functional level of riboflavin, and even relatively large doses 
fail to prevent secondary riboflavin deficiency. The rats died of ariboflay- 
inosis after 8 to 9 weeks. 

On high protein diet the requirement for riboflavin appeared to be in- 
creased. In this diet administration of 15 y of riboflavin per day main- 
tained the vitamin in the organs and urine at the same levels as did the 
administration of 7.5 y per day in diet N. 

The fat content of the diet exerted a very significant effect. There ap- 
pears to be an inverse relationship between the fat content of the diet and 
the amount of fed riboflavin which maintains the vitamin at a functional 
level in the organs and a normal concentration in the urine. The riboflavin 


Tas_e II 
Riboflavin Content of Feces from Rats Fed Various Riboflavin-F ree Diets for 5 Weeks 
Diets 

Normal Low High Low fat High F, 
protein protein | “gn Fat 
- gm. gm. cm gm. gm. c 

Weight of fresh feces, per 48 hrs..... . 2.5 2.4 2.9 3.7) a 
os i °—_— .| 0.90 0.83 | 0.79 | 1.60 | 0.92 

y | 4 7 Y | Y 

Riboflavin per gm. dried feces 26.4 | 30.1 14.45 | 22.0 | 10.3 
| 9.48 


oe excreted in 48 hrs.... 23.76 | 25.0 11.3 35.2 


levels which could be achieved on Diet N by 7.5 y per day were only ob- 
tained on high fat diet with 20 y and on low fat diet with 3.5 y per day. 

It seems, therefore, that the protein and fat content of the diet have a 
pronounced influence on the riboflavin requirement of the rat. 

Intestinal Synthesis of Riboflavin under Various Dietetic Conditions—We 
fed our different diets for 5 weeks without supplementing them with ribo- 
flavin. Then the feces of the rats were collected, weighed, and their 
riboflavin content determined. The average figures obtained in four 
experiments are given in Table II. 

As can be seen from Table II, the daily riboflavin excretion was dimin- 
ished in the groups on high protein and high fat diets and was increased 
in the groups on the low fat diet. The excretion in the low protein 
diet group resembled that in the Diet N group. The reduced riboflavin 
excretion in the high protein and high fat diet groups and the high excretion 
in the low fat diet group are correlated to the respectively relative low and 
high levels of riboflavin in the organs and urine of rats on these diets. It 
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jsnoteworthy that with low protein diets no such correlation could be found. 
These results corroborate our conclusions, drawn from the results given in 
Table I, that a low protein diet reduces the ability of the organism to store 
riboflavin and thus increases the excretion in the urine. 

The difference in feces riboflavin content between rats fed our different 
diets finds its explanation in the different rates of intestinal synthesis of 
the vitamin in the different groups. Support for this explanation was ob- 
tained by counts of the number of viable bacteria in the feces and by tests 
of their riboflavin-synthesizing ability. Feces of the rats kept on our 
different diets were collected and the numbers of viable bacteria per gm. of 
fresh feces were determined. The average figures of four experiments are 
given in Table IIT. 


Tasie III 
Number of Fecal Bacteria of Rats Fed Various Riboflavin-Free Diets for 5 Weeks 











No. of bacteria in millions 


Diets Per gm. out feces 
- Per 48 hrs. 
Mean Probable error 
Normal. . 318 +6.8 795 
Low protein. . 339 +12.05 804 
High = 116 +8.2 336 
Low fat 450 +4.4 1665 
High ‘ 102 +7.7 184 


Probability that differences in the above data are due to chance: normal diet 
versus low protein diet, 0.2; normal diet versus high protein diet, <0.01; normal 
diet versus low fat diet, <0.01; normal diet versus high fat diet, <0.01. 


It follows from Table III that the low protein diet does not cause any 
significant change in the number of viable bacteria in the feces. High pro- 
tein and high fat diets diminish significantly the number of viable bacteria; 
low fat diet increases their number. Thus, the riboflavin content of the 
feces of rats kept on our different diets is seen to be a function of the num- 
bers of intestinal bacteria and of the amount of riboflavin which they 
synthesize. 

In order to strengthen the above conclusion we carried out measurements 
of the amounts of riboflavin which the intestinal flora of rats fed our dif- 
ferent diets can produce. 10 cc. of glucose broth were inoculated with 
0.05 ec. of a suspension of feces diluted 1:500.000. The cultures were 
incubated at 37°. After 24 hours the bacteria were removed by centrif- 
ugation and the riboflavin in the supernatant fluid and in the sediment was 
determined. The cellular sediment was disrupted by repeated freezing 
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and thawing. In this way we measured the amount of the intracellular 
riboflavin, as well as the amount excreted into the surrounding medium 
(Table IV). 

As ean be seen from Table IV, bacteria of the feces of rats fed the low 
protein diet produced in 24 hours about the same amount of riboflavin as 
bacteria from rats fed Diet N. Bacteria from rats fed the high protein and 
high fat diet produced less riboflavin; but bacteria from rats kept on the 
low fat diet showed a markedly higher production of riboflavin. About 
90 per cent of the riboflavin produced by the bacteria was extracellular. 
The synthesized vitamin is, therefore, accessible to the rat organism. 


TaBLe IV 


Riboflavin Produced by Intestinal Bacteria of Rats Fed Various Riboflavin-F ree Diets 
for § Weeks 


Riboflavin per 10 cc. broth 


Diets eee 
Extracellular Intracellular 
7 7 
Normal. 6 <1 
Low protein 7 1 Ca. 
High . | 1 <1 
Low fat | 12 1.2 
High “ 1.5 <1 


DISCUSSION 

The amounts of riboflavin found by us in the organs and urine of rats fed 
our standard diet and given 7.5 y of riboflavin per day correspond more or 
less with values reported in the literature (9, 10, 4, 11). Our results show 
unequivocally that the protein and fat of the diet determine the riboflavin 
content of the organs and the excretion of the vitamin in the urine. Our 
investigations concerned only three organs, viz. liver, kidney, and musele. 
According to Sure (12), however, the amount of riboflavin in these three 
organs represents about 75 per cent of the body’s riboflavin. Our data 
appear, therefore, to be representative for the body as a whole. 

This dependence of the riboflavin content of organs and of urine on diet 
may be due to metabolic factors or to differences in the amounts of ribo- 
flavin synthesized by intestinal bacteria. It is possible that riboflavin 
plays an active part in the metabolism of protein and fat. High protein 
and high fat diets would, therefore, lead to a higher riboflavin requirement. 
This explanation was suggested with reference to the effect of protein by 
Sarett ef al. (3) and Kleiber and Jukes (13). An analogous mechanism 
has been proposed for the thiamine-sparing action of high fat diets (14). 
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Differences in riboflavin synthesis are the alternative possibility. Taylor, 
Pennington, and Thacker (15) and Mitchell and Isbell (16) proved for the 
rat that riboflavin synthesized by intestinal bacteria contributes to the 
body’s supply of this vitamin. Mannering et al. (2) have shown that dex- 
trin and corn-starch stimulate bacterial synthesis of riboflavin in the rat 
intestine, and reduce the dietary riboflavin requirement. These authors 
concluded that dextrin and corn-starch probably increase the amount of 
riboflavin synthesized in the intestine by providing the intestinal bacteria 
with a medium which is favorable to such synthesis. The supply of these 
carbohydrates leads to an increase in the number of the microorganisms, or 
changes the flora to a type capable of producing larger amounts of the 
vitamin. 

It follows from our experiments that metabolic factors and also the 
intestinal supply determine the riboflavin level of the organs and urine. 
The metabolic factors are decisive in a low protein diet. Rats on a low 
protein diet lack the ability to retain riboflavin. They fail to store the 
vitamin, even if fed relatively large doses of riboflavin, and thus largely 
excrete the latter in the urine. 

A very different effect is produced by high protein and high fat diets. 
Rats kept on these diets contain little riboflavin in their organs, but excrete 
only relatively small quantities of riboflavin in the urine. This condition 
is correlated and may be due to a diminished synthesis of riboflavin in the 
intestine. The reverse holds true for rats kept on a low fat diet. It is 
noteworthy that rat# fed 7.5 y of riboflavin per day in a standard diet main- 
tain the same levels of riboflavin in their organs as rats fed 15 y per day in 
a high protein diet or 20 y per day in a high fat diet, or 3.5 y per day in a 
low fat diet. It follows, therefore, that the dietary riboflavin requirement 
is not the same in all conditions and that it depends on the dietetic con- 
stituents. 


SUMMARY 


1. The riboflavin content of the liver, kidneys, muscle, and urine of rats 
kept on the different types of diet (‘‘normal,” low protein, high protein, 
low fat, and high fat) and given graded amounts of riboflavin has been 
determined. 

2. In a “normal” diet a daily riboflavin supplement of less than 7.5 y 
caused a steady decrease, whereas 7.5 y per day maintained, and more than 
7.5 y per day increased, the body’s riboflavin level. 

3. Rats kept on a low protein diet showed a relatively large excretion of 
riboflavin in the urine, and were unable to retain riboflavin in their organs. 

4. Rats kept on high protein and high fat diets needed at least twice as 
much riboflavin as rats kept on the “normal” diet for the maintenance in 
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the organs and urine of an equal level of riboflavin. Rats on low fat diets 
needed only about half as much riboflavin. 

5. The different requirements for dietetic riboflavin of rats kept on dif- 
ferent diets have been shown to be due to differences in the amounts of 
riboflavin which are synthesized in a form available to the organism in 
their intestines. 
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RADIOIODINE AND IODINE FRACTIONATION STUDIES 
OF HUMAN GOITROUS THYROIDS* 
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Certain forms of human hyperthyroidism and myxedema have been 
attributed to variations in pituitary activity. Medical opinion, however, 
regards pituitary influences alone as unable to account for the great variety 
of conditions found in the abnormal thyroid gland. This opinion is sup- 
ported by the present investigation, since factors such as the level of blood 
iodine and local conditions within the gland were found to affect thyroid 
behavior without direct intervention of the hypophysis. 

The original purpose of this work was to investigate the metabolism of 
radioiodine in human thyroids removed at operation, and especially in 
nodular goiters. The behavior of nodules and surrounding thyroid tissue 
was compared in regard to iodine content and to the entry of radioiodine 
into the various iodine fractions. Furthermore, the incidental observation 
of a low iodine uptake by the gland in a patient with a high blood iodine 
prompted the systematic investigation of iodine metabolism in dogs with 
avery high blood iodine. 

The last question raised was whether the variety of thyroid responses 
revealed by chemical analysis would correspond to various locations of the 
iodine entering the gland. A partial answer to this question was furnished 
by the autographic (1)! study of the extirpated thyroids. 


Methods 


Prior to thyroidectomy several determinations of the basal metabolism 
were made. The iodine content in the acetone-insoluble and acetone- 
soluble fractions of the blood was determined on several occasions in each 
patient by the methods of Davison and Curtis (2). A solution of radio- 
iodine containing from 25 to 1000 microcuries of the radioelement I! and 
about 2 y of iodine I'? was administered orally 15 to 23 hours before thy- 
ridectomy, with the exception of Case 17 in which 40 hours intervened 
between administration and operation. The small iodine content of the 
radioiodine solution insured that a true picture of the physiological be- 


* Aided by a grant from the Comly Fund and the Research Foundation of The Ohio 
State University. We are grateful to Dr. Willard F. Guard, Department of Veterinary 
Surgery, for facilities without which this work would have been impossible. 

' Leblond, C. P., Fertman, M., Puppel, I. D.,and Curtis,G.M., Arch. Path., in press. 
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havior of iodine would be given by the results obtained with radioiodine. 
After the operation the weight of thyroid tissue removed was recorded and 
2n approximate estimation of the remaining thyroid tissue was made, go 
that some idea of the total thyroid weight was gained by this method. 4 
careful separation of the nodules from the paranodular tissue was carried 
out in all cases except in Case 15, in which there was a diffuse goiter. By 
use of both nodules and surrounding tissues, determinations of P™ and 
It were made on the various iodine fractions. 

The metabolism of radioiodine was also examined in 2 series of dogs show- 
ing a high blood iodine. These animals had been fed a diet of dog biseuits 
containing 4 mg. of iodine per 100 gm. and of frozen meat containing 0.017 
mg. of iodine per 100 gm. The inorganic iodine in the blood of these dogs 
varied from 0.1 to 0.5 mg. per 100 ce., which values were approximately 
100 times those found in men or in dogs fed a diet with an ordinary iodine 
content. 

Although the six dogs investigated had undergone a unilateral thyroid- 
ectomy 2 months before the present investigation, this operation should 
not have affected the results discussed here. The six dogs were given in- 
jections of radioiodine I without carrier and were sacrificed either } hour 
(Dogs A and B), 24 hours (Dog C), 48 hours (Dog D), 72 hours (Dog E), or 
94 hours (Dog F) later. The thyroids were examined for the content of 
I? and ['* in the various fractions. 

The inorganic iodine, the diiodot yrosine iodine, and the thyroxine iodine 
were separated according to a method (3) which is a combination of the 
technique devised by Gutman and coworkers for inorganic iodine fractiona- 
tion (4) and that devised by Blau (5) for thyroxine separation. The fresh 
tissue was trimmed, cut in small pieces, and placed on a glass slide 
in a Fisher-Abderhalden drier at 79° for about 2 hours at normal 
pressure, then for another 2 hours under the low pressure from 4 
Hyvac pump. The gland was removed, homogenized in a_ mortar, 
and returned to the drier for another 2 hours. A second grinding was some- 
times necessary at this stage. Four aliquots of the powdered thyroid were 
then weighed, two smaller ones (about 50 mg. each) for duplicate estimation 
of the total thyroid iodine and two larger ones (about 200 mg. each) for 
duplicate fractionation. 

The separation of inorganic iodine was carried out by shaking the larger 
aliquots with 30 ce. of water for 2 hours, and then centrifuging for 30 min- 
utes at 2000 revolutions per minute. After the supernatant fluid was 
separated, the residue was mixed with about 10 cc. of water in the centri- 
fuge tube. After another centrifugation, the two supernatant fluids con- 
taining the inorganic iodine were distilled, previous to iodine titration, % 
described below. 
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The residue obtained on centrifugation was placed in a 125 ec. Erlenmeyer 
flask with 16 cc. of water used to wash the centrifuge tube in 2 ec. portions. 
| gm. of barium hydroxide previously kept in a well stoppered bottle was 
then added. The mixture was heated to gentle boiling by keeping the 
bottom of the flask slightly above an electric hot-plate. The neck of the 
flask was connected to a reflux condenser. This hydrolysis was continued 
for 6 hours. ‘The contents of the flask were then poured into a 125 ec. 
pear-shaped separatory funnel. The sides of the flask were washed suc- 
cessively with three portions of 1 cc. of distilled water, 1.5 ce. of 10 per cent 
hydrochloric acid, 0.5 ce. of butyl alcohol, and again with two | ec. portions 
of distilled water. All washings were poured into the funnel. 

To the funnel 0.2 to 0.3 ec. of brom-cresol green was then added and the 
solution was titrated with a 1:1 solution of hydrochloric acid to a yellow 
color, the acid being added dropwise. Final adjustment to a pH between 
35 and 4.0 was carried out outside with brom-phenol blue and the same 
solution of acid. The solution was then shaken with 20 ee. of butyl alcohol 
for 2 to 3 minutes, and allowed to stand for 1 to 2 hours (or overnight). 

The aqueous layer was drawn off into a Kjeldahl flask, the scum being 
left. 15 ec. of 4 N sodium hydroxide with 1 per cent sodium carbonate were 
added. The solution was shaken again and allowed to stand for 1 or 2 
hours. The aqueous layer was drawn off with the scum and added to the 
first aqueous solution. The barium precipitate was eliminated by centrif- 
gation without significant loss of iodine, provided it was washed with 5 ce. 
of water once. In the meantime, the butyl alcohol extract was poured into 
a Kjeldahl flask. The funnel was washed with 2 ec. of the same alkaline 
solution as before and 2 ec. of butyl aleohol. Again the aqueous layer was 
drawn off into the flask containing all the previous water extracts. The 
iodine found in the pooled solutions was called the ditodotyrosine fraction. 
The butyl alcohol was added to the flask containing the first butyl alcohol 
extract, the iodine estimated in this extract being the thyroxine fraction. 
The athount of fluid was too large in any fraction for carrying out the oxida- 
tion preliminary to iodine distillation. The volume was reduced by gentle 
boiling. During the evaporation of the inorganic or thyroxine fraction, 
2ce. of the usual alkaline solution were first added. 

The oxidation and distillation of iodine were carried out according to the 
method of Matthews, Curtis, and Brode (6) with the difference that a 
solution of sodium instead of potassium hydroxide was used to collect the 
distilled iodine. The radioactive measurements of I“! were carried out 
at this stage by bringing up the volume of the solution to 10 or 25 ce. and 
taking 2 ec. for the Geiger counter determination. The rest of the solution 
was used for the estimation of the total iodineI'” by the standard thiosulfate 
method (6), 
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The radioactivity was expressed as percentage of the injected dose per 
100 gm. of dry thyroid tissue ; and the total iodine, in mg. per 100 gm. of dry 
thyroid tissue. The specific activity of each thyroid fraction was obtained 
by calculating the ratio of I'' over I'” expressed as indicated. The 
relative specific activity, t.c. the ratio of the specific activity of each thyroid 
fraction to the specific activity of the whole thyroid, is reported in Table I, 

In a few cases the inorganic fraction of the blood taken at the time of 
operation was separated by the method of Davison and Curtis (2), and 
the radioactive and total iodine were estimated as usual. 

Autographic studies (1)'were made of fragments of the extirpated thyroids 


of a few of these patients. 
Chemical Results 


Comparison of the amount of radioiodine (1*') fixed by the nodules and 
by the gland showed that in all cases the nodular tissue fixed less radioiodine 
than the paranodular tissue. The difference was greatest in one case (No, 
10) in which the nodule was of the fetal adenoma type with solid trabee- 
ulae of thyroid tissue and only a small number of minute follicles. The 
percentage difference was one of the smallest in Case 17 in which the colloid 
accumulation characteristic of the nodule was microscopically quite similar 
to that of the paranodular tissue. In the three other cases of nodular goiter 
(Nos. 13, 14, and 18) the nodules were distinctly colloid in appearance, show- 
ing on section wet surfaces and unusual fluidity of the colloid, while the 
paranodular tissue was firmer, more reddish, and did not contain appreci- 
able amounts of fluid. 

The estimations of ordinary iodine (I'*") in the nodules as compared to the 
paranodular tissue showed in all cases a smaller amount of iodine in the 
nodules. It may be noted that, if the results had been estimated on the 
basis of the fresh weight, the differences would have been much more 
considerable, since the nodules were richer in fluid material. 

Comparison of the specific activities in the nodules and in the paran®dular 
tissue showed that in general the specific activities were smaller in the 
nodules, indicating that the turnover of iodine was slower in the nodules 
than in the glandular tissue itself. 

The inorganic iodine fractions contained only a very small percentage of 
the total ' and I. The percentage of inorganic iodine was usually 
smaller in the nodules than in the paranodular tissue. Furthermore, in 
both tissues, the comparison of radioiodine to ordinary iodine showed 4 
greater proportion of radioactivity in the inorganic iodine fractions than in 
the whole gland, a fact expressed by the high values of the relative specifie 
activity in the inorganic iodine. 

The diiodotyrosine iodine fractions, which are really the residual fractions 
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after elimination of the inorganic iodine and of thyroxine iodine, consti- 
tuted the bulk of both the radioactive and the total iodine in the gland, 
Their specific activity was smaller than that of the inorganic iodine. 

Finally, the thyroxine iodine fractions contained a variable amount of 
jodine, smaller in the nddules than in the paranodular tissue. However, 
the turnover of thyroxine as estimated by the specific activity was rather 
comparable in both nodular and paranodular tissues. 

The values for the blood inorganic iodine showed a higher specific activity 
than in the inorganic iodine fraction of the thyroid. 

In Case 17, operated on 40 hours after administration of radioiodine, 
most of the features described above could not be recognized. However, 
the nodules contained less I’ and I! than the surrounding thyroid tissue, 
but the difference was not so marked as in other cases. In addition, the 
specific activities in the inorganic and diiodotyrosine fractions were of the 
same order of magnitude. Apparently the delay in operating on the patient 
had enabled the level of diiodotyrosine to rise up to or above that of 
inorganic iodine. 

In Case 18 the fixation of radioactive iodine was markedly smaller than 
inthe other cases. Attention may be called to the fact that the inorganic 
iodine content of the blood was one of the highest. The rdéle of the high 
level of blood iodine on iodine fixation by the thyroid was investigated in 
the dogs given a diet rich in iodine. In these animals (Table II) the per- 
centage of injected radioiodine which found its way into the thyroid gland 
was still smaller than in Case 18. Thus it may be calculated that in most 
of the patients about 50 per cent of the injected dose was fixed; in Case 18 
about 4 per cent of the injected dose was fixed; and in the dogs approxi- 
mately 0.5 per cent of the injected dose was taken up, which is much less. 

In the dogs, the amount of chemical iodine I'’ was high in the three frac- 
tions when compared with that of the patients (Table 1) or with dogs (3) 
given a diet with ordinary amounts of iodine. The increase was most 
pronounced in the inorganic and thyroxine fractions. 

The specific activities (Table I) showed a predominance of radioactivity 
in the inorganic fraction soon after the injection, succeeded by a fairly 
rapid decrease. On the other hand, the radioactivity in the diiodotyrosine 
fraction after its initial increase appeared stabilized. 


Interpretation 


The most striking results were those pointing to a less active behavior in 
the adenomatous formations than in the surrounding thyroid tissue, as 
shown by a smaller iodine content, a smaller iodine fixation, and a slower 
turnover of iodine. These differences were most marked in Case 10 in 
Which the gross appearance and histology showed that the nodule was the 











Peery?) Ty Tt) eet et ‘ 





| 1B] } } OL6FFE 
9°0 ZT | 0S ; oT | ~hpou “LISS | 
£°06'S% 2°9 | POR FFIS'ZS | ZT | $6) LIE $°0.7°0610'06 -BlB “WW 
L‘0 It Zt (OT ‘19}108 ayn 
ZL'OS 21 1% St O19'S9 FIL 610) 6 lice"0 ‘9L'06°98 0° FT XINPON $8'°Z! OL'T) 91Z $+ | -pou orxo}-uoW | FT 
| ansst} 
| IB] S8EStP 
pe 9°T £°0 | bP 0'T) “npou ‘ZOOFFE 
= 8'O£'S9 G'OSET'OZ SOT8'SI | Zz) Sel OL | COZ OSIII'Z6 “BIR “q “T [40 
a oT 6°0 0°ST | OT -103 sB[npou 
S 200° 01 1%) LO2e9 OTL!) 0 ra 


€/'01 0O'8 | 2°00’ 22 \¢'9T PFNPON \29°Z OZ'Z SEL SI+4+ rxoy = ATPTIPY |e] 


7 onsst} 
* | ae O9TetE “HH 
-) £°0 Tt rT OT -npou | ‘WW i Bwouepe 
ye ZO E9 6 ZT 600 6217° 29%, TL | OL ES | 8°00 0StZ S61 “B18 [8}9} YEA 
Zz L‘0 L‘0 LD | | OT Ployjoo asny 
ont ° 2° ° ° ° -* mu ° =» »@ nd ‘= 4 oOo * al . 7 
o 9060; 90' 9O9T (60 a a 0, Cl; so2zs \tZ 9[NPON (8o°s) OFT) €& (f+ “Jip stxo}-UON | OL 
- | jueao uaa | mao yuan | juao | 
ad — 4ag | sad | | aad sag | sad Ew | “mes 
40 4 ue | “ym Sue | yu L 
= yf _ vsigilm| wsig| = wig ilwml wig! m | | el el oS i: 
Z 3 * (st Ble let |8ile let! Fl el ek | Bl rie | oe | 2 . 
e % no) a % e | ss 4 a = | 6 i; @ = | @ ° ° ° : oan y 
S £/ 8 |B e/8/8e1&! 2 |e B18) Bel Be | \s| ¢fis3| 3 . 
S 1 € | ee ee eRe) eek) Fe Le ee ee pep, 1°] ¢ |-S8| ® Z 
2 - > 3.2 > | = 3.2. py 4 3.¢ | 2 ox | 3.2, | a = -olpel 3 qua. iad | 6 | 4 28 | E : 
2] E lag) i) 8) ag}2| Elag| =| El az| 2) £ |e | 2) es | 8 Se 
a = = < = = < 2 5 | < | 3 S | < 3 ° EA a | 2 JPN08 JO IGAT 
si: 
Poolq §29 OOT 4ad auIpot oupestay oateon oupey sumtenns dUIpO! [TIO] H bg & | g 
‘(SuOl}Ie4y OTUERs0U1) ouyeods spd =| ‘ GP ates Le ; “a y DUT poy 7 5 
poo[q jo SUuOl} BUOT IB) : ‘ : b abeote * 2. | ~ 
)UIPO! PUR IUIPOLOIpEYy purys Aap “wa Oot Jed ‘pros4y} snoij10% Jo SUOT}eUOTJDeIy VUIpO! put aUIpoloIpry ay i 
' 


LVL) YIM 8]U9NDG fo saIpnjg auLpo] pun aurporoipoy 
[ ®1avVy 


280 








SL Se ee 


281 


Y, RADIKE, AND CURTIS 


4 


RILE 


PUPPEL, 


LEBLOND, 


0°6) 910 O}FFLO 9° 


£°0 
lg Oe 
£°0) 


be S9FOO OTIOO, FOZ 


9°0) 


400° 0) £09 "01100"0 9°0)0' <2; 0°91) @° 10° FIT 








‘plosh£y} 9JOYM 94) JO Wey 
0} WONIBI PlOsrAY} OY} JO APAL{OW oYLoeds BY} JO O1FBI OY ‘APIAIJOW OYLOads OAI} BIO OY} YUeserdes DAA} poow]-pjoq UL seanBy oy , 





_ 


LEI) L°€ | o'¢ 


onsst} | 





IB] | 
0°T) | -npou | | | 
GO 0/0 82%. ZI “BIB | | S699hF “US| 
| OT | | | | | | eyos agin | 
1G0°O|Z 0918'S | PMPON ZIFF OLT) SOT |F+ | -pOu o1xo}-UON | QT 
| onsst} | | 
1B] | 
ot -npou | | 
| LTO SILO Fal “BI | Sehr DU | 
/ OT | taapo8 sen | 
9°1.0°99 ‘0 £01 FNPON |90°Z LOT) 96 |OZ—| - POU OIxO}-UON | ZT 
De | | OLZEFF 
} | is'a ‘103107 
0'T| | | ployjoo osny 
0°10" e910" e907 lo 20'T, FL |Z— | ~jip 91xo}]-u0oN SI 











Y |e?) oor 





*pjrur A][BolBopOys1y SVM WOT} BT 

-nwijs prorsy) ayy, ‘Asdoyne osojoq sAup Fg 10J (UOStINy] puv ‘BUUOyoyy ‘ys19AV) Jovsjyxe Arvyingid UdAIS d10M G] PUB Vy SBOC 4 
*prorAy} VfOYM OY} JO 4Bqy 0} 

uoTjoBAy PloaAY} OY} JO APATJOB OYLOadS OY) JO O1FBA OY} ‘AITATIOB DYL00ds BAT) BIAI OY} YUasaider BdAy pooBs-pjoq UI soIndy ay], , 





0's 09°0 9¢°T s0'T o'T 
L OL'O £e°0 £0°O (z10°O O'IST | 22 (220°0 O'10€ | O'S |170'0 | OLE 6L°0 020°0 0°6S¢ ZIT cel oO b6 x | 
= t1°S 99°0 9%°T bI'T oT 
5 CZ 0 8.0 ce'o 8§z0'O 0'89%2 | ZL €90'°0 O'C8F | 8°92 SFO'O | GIF O'S (GhO'O |0 DES |T' St Cts 0 ol a 
S ee OT €L'0 LET Ly'T o'T 
7 1€°0 02° 0 19°0 (220°0 0'69% 6 Ee 100 0° 66F | 9°02 |FFO'O) GZ Lt 1% 080°0 0'028 2°Sz% C60 SP ad 
- &°&T 9°0 ee't GLt oT 
= 9¢°0 ZO £1°0 (<z0'O 0'6tZ | 29 990'0 0 SOF | 29% |F20'O | 1 OF GEE ZOO 0 6EL Sit 9110 xe J 
> €°8¢ TO $°0 | O'T 
Zz Cll tO ie | 10°O (0°12 | OTT 20 0688 OC L6 6°€ OSS 002 FEO 0 L86 (0 068 O6L'O f 4 
= LT'8T z°0 v0 &T'9 o'T 
S 6°01 1€Z°0 c’% Il'0 (0°98 0O';OL G0 090% | OZ | LL°E | OOF | O' TEL! £90 O' OFE 0 S1Z OLL'O f +V 
2 ants — 
z AVIATIe | = sUIpoT oman oA! — he Aut = pn Att a ng oe oA! | —— oon 
= “yt rads fen. a agus ye tn nly en eptate "AS alll pens. oy — opus > |) pon. 2 puys =| / 
7 3 Ss Wua0 49g yyloedg | -UawiaT| yua9 49g yyloedg -uaWOTy juao 494 »yloeds |-uowlaly yuao 19g »ytoads | -uswaly yuao 394 ajoym uo} 

‘ Jo PyBIIM pom #oq 
poolq “99 QT 22d “(uonoey aUIPO! dUIXxOIAW aUIpO! auTsosA}OpONG aUIpPO! NTURAIOUT auIpot [RIO], ‘qealiy oun f 
2NUBDZIOU!) Poolq jo uETe . 5 


-UOT}IVIJ BUIPO! PUR IUTpoloIpry 149M Aap “wF OO] Jad ‘puvys plosAy) Jo SUOIPBUOI}IBIj BUTPO! PUL IUIpoloIpey 


aypjuy aurpoy ybryy buraravey sbog fo pun)y psy fo saipnyg aurpoy pun auipor.wipoy 
I] 214vVy 


nN 
ya 
N 











LEBLOND, PUPPEL, RILEY, RADIKE, AND CURTIS 283 


typical so called fetal adenoma. Marine (7) observed that fetal adenomas 
contained rather small amounts of iodine. Wegelin (8) found that fetal 
adenomas fed to tadpoles exerted less effect on growth than the surrounding 
tissues. On the other hand, a number of investigators, confusing the 
parenchymatous appearance of fetal adenomas with that of hyperactive 
thyroid tissue in which there is also a marked predominance of epithelial 
over colloid material, were led to believe that fetal adenomas, at least in 
their trabecular form, were made of hyperactive thyroid tissue. The poor 
fixation of radioiodine in Case 10 may indicate that the typical fetal 
adenoma is made of rather inactive thyroid tissue. 

The other nodules were quite different from the fetal adenoma, contain- 
ing large follicles filled with considerable amounts of colloid. Many authors 
(8) believe, however, that there are no fundamental differences between 
fetal and colloid adenomas. On the other hand, the colloid nodules be- 
haved like the fetal adenomas in regard to fixation of radioiodine, although 
in the former differences between paranodular and adenomatous tissue 
were considerably less pronounced than in the latter. At any rate, the 
behavior of the adenomas furnished an example of how local factors inside 
the thyroid may influence iodine fixation. 

The second factor which may affect iodine metabolism is the level of the 
blood iodine, since one patient, as well as the six experimental dogs with a 
high blood inorganic iodine, showed a small uptake of radioiodine in the 
thyroid. The first cause of this was probably the dilution of the radio- 
activity in the inorganic iodine present in the blood, since the mixing of the 
radioactivity with a large amount of iodine reduced the chances of the 
radioactive atoms to enter the gland. In addition, there was a definite 
shift in the iodine metabolism of the thyroid, as shown by the high iodine 
content of the gland, this high content of iodine corresponding to what was 
previously called “saturation” of the thyroid (9). Indeed, when a large 
dose of radioiodine was given a few hours after injection of a large dose of 
ordinary iodine, the thyroid, being “‘saturated” by the ordinary iodine, 
fixed much smaller amounts of radioiodine than usual (9). Similarly the 
low radioiodine uptake found here, as well as the high iodine and thyroxine 
content of the thyroid (Table II), was apparently due to some extent to a 
chronic “saturation” of the gland owing to continuous availability of ex- 
cessive amounts of iodine from the blood. 

The rapidity of the “saturation” produced by an injection of a large 
iodine dose (9) proved that effects of this type were the result of a direct 
action on the thyroid. The hypophysis, therefore, did not play an imme- 
diate réle in the production of these results. 

In conclusion, studies on iodine metabolism showed three types of in- 
fluences affecting the thyroid: First, local factors, such as the nodules so 
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common in old age, produced variations of iodine metabolism within the 
thyroid; second, a high level of blood iodine “saturated” the gland with 
iodine, producing a storage of thyroxine inside the gland (Table II); and 
third, pituitary factors, when excessive or deficient, activated or slowed 
down the iodine turnover (3). All of these influences may occur in man. 

These studies showed in both human patients and experimental animals 
that during the first 2 days after injection (Tables I and II) the specifie 
activities were higher in the inorganic iodine than in the other fractions of 
the glands. This was in agreement with the results obtained when a large 
dose of I? was used to carry the injected radioactive iodine (9). In all 
these cases the inorganic iodine coming from the blood entered the thyroid 
as such. However, in another experiment with dogs, given an injection of 
radioiodine without a carrier, it had been found (3) that the specific activity 
was highest in the diiodotyrosine fraction as early as a half hour after in- 
jection. But the inorganic iodine I’? was comparatively higher in those 
dogs (3) than in the patients examined (Table I). This observation sug- 
gested a possible explanation of the discrepancy. There may exist in the 
thyroid gland two inorganic iodine fractions, one into which the radioactive 
inorganic iodine entering the gland may diffuse and another separated in a 
chemical or anatomical way from mixture with the radioiodine. The pro- 
tected form could be rather small, as in the patients, or great enough, as in 
the dogs (3), to increase the denominator of the specific activity in inorganic 
iodine to such an extent that this specific activity would be lower than that 
of diiodotyrosine iodine. Such a hypothesis also eliminates the need for 
postulating that the transformation of ionic iodine into diiodotyrosine takes 
place at the level of the cell membrane (3). 

The specific activity in the diiodotyrosine fraction was intermediary be- 
tween that in the inorganic fraction and that in thyroxine, at least during 
the first 48 hours. This may indicate that thyroxine was synthesized more 
slowly than diiodotyrosine. This result was satisfactorily explained along 
the lines of Harington’s hypothesis (10) that diiodotyrosine is the precursor 
of thyroxine, as shown by previous results (3). 

Comparison of the chemical and histological results! showed that the 
radioiodine passed through the cellular epithelium of the thyroid follicle 
to be localized as diiodotyrosine in the colloid. 


SUMMARY 


Thyroid adenomas were functionally less active than the surrounding 
thyroid tissue, as shown by a lower iodine content, a smaller fixation of 
radioiodine, and a slower turnover of the iodine. The difference was most 
considerable in one case of so called fetal adenoma, but it was still well 
demonstrated in four cases of colloid nodules. 
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The presence of a high level of blood inorganic iodine seemed to produce a 
large concentration of iodine in the thyroid. This increase in iodine content 
appeared distributed in the three thyroid fractions. 

The iodine after entering the thyroid gland as inorganic iodine was rap- 
idly transformed into diiodotyrosine and as such was deposited in the colloid 
of the thyroid follicle. 
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THE EFFECT OF RIBONUCLEIC ACID AND ITS HYDROLYTIC 
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The studies of Adler, von Euler, and Skarzynski (1) had shown that 
yeast adenylic acid and adenosine were inhibitory to succinic dehydro- 
genase. These observations were confirmed in the present studies with the 
manometric and methylene blue decolorization techniques. Studies were 
made of cytochrome oxidase as well. It is tentatively suggested that one 
of the functions of the nucleic acids and their hydrolytic products may re- 
side in their influence on the enzymatic oxidation-reduction systems. 
Changes in the ratio of nucleic acid to hydrolytic products in the cell may 
be of importance because the diffusible nature of the latter extends the 
range of this influence. 

The present studies were initiated when it was observed that ribonuclein- 
ase was inhibited by mononucleotides (2) presumably by competition 
with the substrate.' The thought occurred that nucleic acid nucleotides 
might inhibit enzymes requiring nucleotide coenzymes by competition 
with the latter. The observations of von Euler et al. (1, 3, 4) on the effect 
of nucleic acid hydrolytic products on dehydrogenases were of interest in 
this connection. Sueccinic dehydrogenase (1) was chosen for initial study, 
even though it does not seem to require a nucleotide coenzyme, because of 
its relatively simple preparation and because it afforded an opportunity to 
determine whether the inhibition of this enzyme by ribonucleinase, ob- 
served by Potter and Albaum (5), might be explained on the basis of the 
nucleotides liberated from the nucleic acid which is present (6). 


EXPERIMENTAL 

Reagents—The enzyme preparations were obtained from pig heart muscle 
by the procedure of Keilin and Hartree (7) with the exception of the pre- 
cipitation at pH 4.5. The solid matter content of the preparations was 
about 2.0 per cent. Six preparations in all were studied. The cytochrome 
¢was prepared from horse hearts in the usual way (8,7). The ribonucleic 
acid (yeast) and derivatives were commercial products. The mixed mono- 


1Further studies have shown that the inhibition is not by competition with the 
substrate. 
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nucleotides were prepared by the complete hydrolysis of ribonucleic aeid 
with NaOH (2) and neutralization with HCl. 1.0 ec. represented approx. 
imately 6.8 K 10° mole of mononucleotides (from 23 mg. of nucleic acid); 
the concentration of NaCl was 0.08 m. The desoxyribonucleic acid was 
prepared from calf thymus by the method of Hammarsten (9). 

Assay —The manometric determinations of the enzymes were performed 
at 37°. The following reagents were used for the succinoxidase system: 
2.0 ec. of 0.15 Mm sodium phosphate, pH 7.2, 0.5 cc. (2.0 mg.; 1.21 & 1077 
mole) of cytochrome c, 0.4 ce. of diluted enzyme (diluted with about 15 
volumes of the phosphate buffer so that the oxygen uptake with succinate 
was approximately 700 ¢.mm. per hour), and 0.3 ec. of 0.5 M succinate, 
pH7.2. Nooxygen was taken up without the substrate or with the enzyme 
heated to 100°; the oxygen consumption with the substrate was increased 
about 35 per cent by the addition of cytochrome ¢c. When solutions of sub- 
stances to be studied were added to this system, an equal volume of the 
phosphate. buffer was displaced; variation of the phosphate in this manner 
had no influence on the enzyme. The pH was checked after each experi- 
ment and always found to be pH 7.2. The addition of Ca or Al (10) did 
not increase the activity of the enzyme. The oxygen uptake was propor- 
tional to the amcunt of enzyme up to 0.2 cc. of the undiluted preparation; 
beyond this the diffusion of the oxygen into the reaction mixture became a 
limiting factor with our equipment. 

For the determination of the cytochrome oxidase the same system was 
used, except that 0.2 N hydroquinone replaced the succinate. The oxygen 
consumption with the boiled enzyme due to the spontaneous oxidation of 
the hydroquinone was on the average 160 ¢.mm. per hour. The oxygen 
uptake of the unboiled active enzyme was increased about 100 per cent 
by the addition of evtochrome c. 

The suecinie dehydrogenase was determined by the methylene blue de- 
colorization procedure at 32-37° with the aboye reaction mixture, except 
that the evtochrome ¢ was omitted and 0.1 cc. of methylene blue (11.2 mg. 
per 10 ce.) was added. Deecolorization times of 10 to 15 minutes were ob- 
tained with the usual technique (11) with 0.1 ec. of the undiluted enzyme; 
the percentage of inhibition of added substances was calculated from 
(1/T° — 1/T) X 100/1. T° in which 7° equals the decolorization time for 
the control and 7’ the time with the added substance. 


Results 
Studies of Succinoxidase System by Manometric Technique—The inhibi- 
tory effect of the ribonucleic acid hydrolysate (mixed mononucleotides) 
on the succinoxidase system is shown in Fig. 1; the inhibition with enzyme 
Preparation III was not quite so great as with Preparations IV, V, and VL. 
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Fic. 1. Effect of ribonucleic acid, ribonucleotides, and desoxyribonucleic acid on 
the succinoxidase system. The number of moles indicated are contained in the test 
volume of 3.2 cc. The moles of mononucleotides are calculated from the average 
molecular weight of 339; the nucleic acids are plotted on the basis of their nucleotide 
equivalents. © mononucleotides, enzyme Preparation III; @ mononucleotides, en- 
zyme Preparations IV, V, and VI; A ribonucleic acid, enzyme Preparations IV, V, 
and VI; + desoxyribonucleic acid, enzyme Preparations V and VI. 
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Fic. 2. Efiect of adenylic acid, guanylic acid, and pyrophosphate on the sucein- 
oxidase system. The number of moles indicated are contained in the test volume of 
3.2ee. © guanylic acid; @ pyrophosphate; + adenylic acid, enzyme Preparation 
V. With enzyme Preparation II less inhibition was obtained; with Preparation IV 
more inhibition was obtained; in each case the inhibition was proportional to the 
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Guanylic acid was about as inhibitory as the mixed mononucleotides (Fig, 
2); adenyliec acid (Fig. 2) was much less inhibitory, more variable in its 
effect with different enzyme preparations, and the curve was dissimilar, 
being a straight line in the range studied, whereas the above substances 
gave hyperbolas. Guanosine (4.0 X 10-° mole) was not inhibitory. Ade- 
nosine was not inhibitory when studied manometrically; two commercial 
preparations (British Drug Houses and Mackay) gave the same negative 
results. Since Adler, von Euler, and Skarzynski (1) had observed a slight 
increase in the inhibition obtained with adenosine with the dilution of the 
substrate, experiments were performed with 0.1 cc. of succinate, but with 
negative results. Manometric experiments with methylene blue present 
(3.0 X 10~ mole) and with the cytochrome system inhibited with cyanide 
were performed, but here also adenosine had no effect. It will be seen 
later that with the methylene blue decolorization technique inhibition 
was obtained in confirmation of the findings of Adler, von Euler, and 
Skarzynski (1). 

Ribonucleic acid was inhibitory, as shown in Fig. 1 where the inhibition 
is plotted in terms of moles of mononucleotides contained in the nucleic 
acid; the inhibition on this basis is somewhat less than that obtained with 
the mononucleotides with the same enzyme preparations; unfortunately 
the effect of nucleic acid was not tested on enzyme Preparation III. Des- 
oxyribonucleic acid is very inhibitory; in Fig. 1 the effect is plotted in terms 
of the mononucleotide content. 

Other substances were tested which might have a bearing on the inter- 
pretation of the data for nucleic acid and products. Pyrophosphate was 
found to be inhibitory (Fig. 2) in confirmation of the data quoted by Dixon 
and Elliott (12) for the decolorization of methylene blue. This apparently 
is a competitive inhibition (13). Sodium chloride in the amount present 
in the mononucleotides had a negligible effect; 5 & 10-° mole of (NH4)S0O, 
had no effect; 1.0 X 10°* mole of cystine was very inhibitory (30.9 
per cent), in confirmation of Potter and DuBois (14). In the experi- 
ments described above the substrate was placed in the side arm of 
the Warburg flasks. With this procedure the enzyme system and 
inhibiting agent were in contact for 18 minutes before the succinate was 
added. In other experiments the enzyme was placed in the side arm; iden- 
tical control oxygen uptake was obtained by this procedure, but no inhibi- 
tion was obtained with the mononucleotides, ribonucleic acid and adenylie 
acid, the only nucleic acid substances tested in this manner. Although 
there was no inhibition immediately, inhibition was noticeable later (in 
about 10 minutes), as would be expected. It might be mentioned that 
pyrophosphate was equally inhibitory by either procedure. 

The following experiments were performed to decide whether inhibiting 
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agents were produced from the substances studied by a slow enzyme action 
(the heart preparation probably contains a variety of enzymes) or whether 
the inhibition represented a slow chemical action. 5.0 cc. of phosphate 
buffer, 4.0 cc. of mononucleotides, and 1.0 cc. of undiluted enzyme were 
incubated at 37° for 30 minutes; the enzymes were destroyed by heating 
in a boiling water bath for 5.0 minutes. Use of this mixture as a source 
of mononucleotides gave the same inhibition observed before when the 
substrate was in the side arm, and no inhibition when the enzyme was in 
theside arm. This evidence for a slow chemical reaction mixture was con- 
frmed by a similar experiment in which the above reaction mixture was 
dialyzed 18 hours at 7° against 10 cc. of phosphate buffer. Only about 30 
per cent of the expected amount of inhibitor diffused through the cello- 
phane, but this also inhibited only when in contact with the succinoxidase 
system before the substrate was added. The poor diffusion through the 
cellophane was due to the presence of the heart tissue complex; alone, the 
mononucleotides, which are the inhibiting substances, diffuse freely. 

Cytochrome Oxidase—The mixed mononucleotides and nucleic acid had 
little effect on the cytochrome oxidase (less than 10 per cent inhibition for 
5.0 X 10°° mole). The effect of the former appeared to be largely 
accounted for by the NaCl known to be present. 

The succinoxidase system studied above is composed of the enzymes 
succinic dehydrogenase and cytochrome oxidase. Since cytochrome oxidase 
is not affected by the nucleic acid compounds, it must be concluded that 
the inhibition of the succinoxidase system described above represents an 
effect on the succinic dehydrogenase. 

Nature of Inhibiting Substance—The ribonucleic acid, originating in 
yeast, was suspected of containing sulfhydryl compounds which, if present, 
would be oxidized to the highly inhibitory disulfide, a transformation ob- 
served by Potter and Schneider (10). This might have accounted for the 
slow action of the inhibiting substances. Utilization of the nitroprusside 
test (0.5 ec. of substance under test, 1.0 cc. of 1 per cent sodium cyanide, 
and 2 drops of 2 per cent sodium nitroprusside) showed that although 1.0 
X 10-* mole of cystine gave a strongly positive test, the solutions of ribo- 
nucleic acid, mononucleotides, adenylic and guanylic acids, all of which 
(except the adenylic acid solution) were more inhibitory than the cystine, 
gave negative tests. No substances preventing the test were present, for 
on adding 0.5 ec. of cystine (1.0 X 10~ mole) to the above substances posi- 
tive tests were readily obtained. 

To ascertain whether the inhibitory effect of the nucleic acid was due to 
the high polymer fraction, portions of mononucleotides (46.0 mg. per cc.) 
and ribonucleic acid (20.0 mg. per ec.) were placed in cellophane tubes and 
dialyzed against equal volumes of phosphate buffer for 18 hours at 7°. In 
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the case of the mononucleotides the inhibiting substance was equally dis. 
tributed between the inside and outside of the tube, as were the mono. 
nucleotides; with the nucleic acid only 7 per cent of the total amount of 
inhibiting substance had diffused through the cellophane which can be 
accounted for roughly by the mononucleotides present in this preparation 
(Sample EA, (2)). The above distributions were confirmed by the solid 
matter content of the inside and outside solutions. Accordingly, it must 
be concluded that the inhibitory effect of ribonucleic acid is inherent in the 
high polymer fraction. 

Studies of Succinic Dehydrogenase by Methylene Blue Decolorization Tech- 
nique—The inhibition data by this procedure are given in Fig. 3. Ade. 
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Fic. 3. Effect of adenosine, adenylic acid, and mononucleotides on succinic de- 
hydrogenase (methylene blue decolorization). The number of moles indicated are 
contained in the test volume of 3.2 cc. + adenosine, present study; A adenosine, 
data of Adler, von Euler, and Skarzynski (1); @ adenylie acid; O mononucleotides. 


100, 


nosine is quite inhibitory and to about the same degree as found by Adler, 
von Euler, and Skarzynski (1); adenylic acid is inhibitory and here the 
effect gives a hyperbolic curve; the mononucleotides were very inhibitory. 
Adenosine and adenylic acid gave a greater degree of inhibition by this 
technique than by the manometric procedure. Since Potter and Schneider 
(10) had observed that numerous substances were oxidized by a similar 
enzyme system to give compounds that were inhibitory, there was a pos- 
sibility that, although sulfhydryl! was excluded, other compounds amenable 
to oxidation might be present. As a check on this possibility the enzyme 
was placed in the side arm and the system evacuated, which gave anaerobic 
conditions before the enzyme and inhibitor (mononucleotides) were mixed. 
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The inhibition obtained with experiments performed in this manner was 
about as great as when the substrate was placed in the side arm. 


DISCUSSION 


The nearly equivalent inhibition obtained with equal weights of ribonu- 
eleic acid and mononucleotides indicates that from a molecular stand- 
point the nucleic acid is much more inhibitory than the mononucleotides 2 
this finding suggests also that the inhibition must reside in the mononucleo- 
tide radical. ‘This observation did raise the question whether a low molec- 
ular weight substance occurring in both might cause the inhibition. Am- 
monium sulfate was tested, since Greenstein and Chalkley (15, 16) have 
described tissue enzymes capable of deaminating nucleic acids as well as 
nucleotides. The inaction of ammonium sulfate and the apparent non- 
enzymatic nature of the time lag in the effect of the nucleic acid compounds 
exclude this possibility. Sulfhydryl compounds, likely contaminants in 
preparations from yeast which is relatively rich in glutathione, are ex- 
cluded by the negative nitroprusside test. Pyrophosphates were tested, 
since it was remotely possible that oxidative phosphorylation of the nucleo- 
tides might take place, but these are excluded because of the rapid reaction 
of pyrophosphate as such and the non-enzymatic nature of the time lag. 
The results with the anaerobic methylene blue technique appear to exclude 
an oxidative phenomenon. Strong evidence that the source of the inhi- 
bition effect is the nucleic acid and the mononucleotides themselves is given 
by the dialysis experiments; in the case of the latter the inhibitory substance 
readily dialyzed, in the case of the former the inhibitory substance was non- 
dialyzable. Further evidence for the conclusion that the inhibition is 
inherent in the substances themselves is the close agreement with the data 
of Adler, von Euler, and Skarzynski (1) for adenosine, for it is unlikely that 
a contaminant would appear in both preparations to the same degree. 

Keilin and Hartree (17) have observed that coenzyme I (diphosphopyr- 
idine nucleotide) strongly inhibits succinoxidase. This effect, which was 
found to be due to the ultimate production of the inhibitory oxalacetic acid 
from succinate, can be excluded in the present case, since the effect they 
observed occurs slowly after the addition of the succinate. It should be 
noted that coenzyme II was inhibitory to a much less marked degree and by 
an unknown mechanism. 

Other observations have been made of the inhibitory action of nucleic 
acid hydrolytic products; in addition to the work of von Euler et al. quoted 
with succinic dehydrogenase (1), lactic acid dehydrogenase (1, 3) and 


?The average molecular weight of the mononucleotides is 339, the molecular weight 
of ribonucleic acid is about 10,000; in equal weights of these substances the molecular 
ratio would be about 30:1. 
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alcohol dehydrogenase (4) were also found to be inhibited. Coenzyme | 
(diphosphopyridine nucleotide) is a component of these last two enzymes 
and it might be expected that the ribonucleotides would have a competitive 
effect, but this does not seem to be the case (3). 

Recently Greenstein and Chalkley (18, 19) have reported on the inhibj- 
tory effect of ribo- and desoxyribonucleic acids on an unknown tissue de- 
hydrogenase and xanthine dehydrogenase; under some conditions either no 
effect or stimulation was obtained, depending on the concentration of 
methylene blue. These workers found that desoxyribonucleic acid was more 
effective than ribonucleic acid, as has been found in the present. studies. 
The difference in inhibition observed in the present work with the methylene 
blue decolorization technique and with the manometric technique may be 
attributable to variation in the concentration of suitable hydrogen accep- 
tors, as found by the above workers. It should be noted in passing that 
Adler and von Euler (20)found that yeast nucleic acid stimulated a similar 
enzyme preparation, in their case by a succession of enzymatic reactions 
which produced xanthine which in turn served as substrate for the xanthine 
dehydrogenase therein; thymus nucleic acid had no effect. 

Whatever the nature of the inhibition caused by nucleic acids and their 
hydrolytic products which has been observed by various workers, it appears 
to be real and general for oxidation-reduction enzymes. Future studies 
will show whether other types of enzymes are affected as well. The obser- 
vations in the present studies and the similar observations of others suggest 
a possible important réle of nucleic acids and their hydrolytic produets in 
their interaction with the dehydrogenase enzyme systems. The mechanism 
of this interaction and whether it has physiclogical importance remain for 
future studies to reveal. Greenstein and Chalkley (19) feel that their 
observations with dehydrogenases and nucleic acid might provide a clue 
to some of the mechanism which nuclear (chromosomal) components exert 
in the maintenance and regulation of cellular functions. 

The interaction of both nucleic acid and mononucleotides on succinic 
dehydrogenase is of great interest and suggests that the ratio of nucleic acid 
to mononucleotides would be of importance, for the diffusible nature of the 
latter extends the range of the observed influence of these compounds. _ It is 
perhaps of great significance that changes in the ratio or amounts of these 
substances occur in pathological conditions (¢.c., can¢er) and accompany 
irradiation with ionizing rays (x-rays and neutrons). 


SUMMARY 


Equal weights of ribonucleic acid and hydrolyzed nucleic acid (mono- 
nucleotides) were about equally inhibitory to succinic dehydrogenase; 
adenylic acid and guanylic acid were both inhibitory. Inhibition was not 
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immediate and appeared to be a slow chemical reaction rather than the 
intervention of an enzyme. 

Desoxyribonucleic acid was more inhibitory than any of the above sub- 
stances. Adenosine, which did not inhibit when tested by the manometric 
procedure, was inhibitory when tested by the methylene blue decolor- 
ization technique. Data obtained indicate that the inhibition was a prop- 
erty of the ribonucleic acid and mononucleotides and not a result of con- 
taminating substances. 

A possible important réle for nucleic acid and its hydrolytic products in 
relation to oxidation-reduction enzymes has been pointed out and the 
importance of the ratio of nucleic acid to hydrolytic products has been 
suggested in view of the ready diffusibility of the latter. 

Ribonucleic acid and hydrolyzed nucleic acid (mononucleotides) had a 
negligible effect on cytochrome oxidase; the slight effect in the case of the 
mononucleotide preparation appeared to be due to the sodium chloride 


present. 
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The amino acid glycine is involved not only in protein formation but in 
the synthesis of glutathione, creatine (1), and the protoporphyrin of hemo- 
globin (2). However, the mechanism by which the animal organism forms 
glycine is quite obscure. It has been generally considered that the “non- 
essential’ amino acids are synthesized from a-keto acids either by amination 
with ammonia or by transamination. However, some of the amino acids 
can be synthesized in the animal cell by transformation of one into another, 
with utilization of the carbon structure as well as the nitrogen. Evidence 
has been obtained for the interrelationship of glutamic acid, proline (3, 4), 
and ornithine (5, 6), of phenylalanine and tyrosine (7), and the conversion 
of serine into cystine (8, 9). 

The observation of Neubauer (10) that phenylglycine gives rise to 
phenylglyoxylic acids led to the hypothesis that glycine may be formed 

‘ by a reverse process; 7.¢c., by amination of glyoxylic acid. Interest in this 
hypothesis has recently been revived by the finding of Ratner, Nocito, 
and Green (11) that an enzyme exists in Jiver and kidney which catalyzes 
the oxidation of glycine to glyoxylic acid and ammonia. However, Haas 
(12) and Sassa (13) were unable to demonstrate any formation of glycine 
from this acid in perfusion and feeding experiments. 

It has been postulated by Knoop (14, 15) that a-amino-8-hydroxy acids 
undergo 8 oxidation to yield glycine, since it had been found that 8-phenyl- 
serine (14, 16) and 6-phenyl-a-amino-8-hydroxyvaleric acid (15) both 
yielded hippuric acid when administered to a dog. However, the theory 
actually sheds no light on the nature of the first 2-carbon fragment that is 
split off, for benzoic acid should be formed from these odd numbered acids, 
which in turn would give rise to hippuric acid, regardless of the nature of 
the 2-carbon fragment. 

Recently, Leuthardt (17, 18) found that on incubation of guinea pig liver 
slices with benzoic acid and glutamine, or dl-serine, or asparagine, or 
L-glutamic acid, or proline there was an increase in the a-amino nitrogen in 
the hydrolyzed ether extract, presumably arising from the hydrolysis of 
hippuric acid. The most decided increases were produced by glutamine 
and serine. ‘This finding was positive only in the guinea pig. Leuthardt 
suggested that both glutamine and serine were converted to glycine in the 

297 




























o>  ~ 


(Egn: 5 


Oo le i RE ERECT to, Fi FE Blt ee ES EN: AT lt OT TR hl 


POT FS eR 


rE ASN Oe 


7 





298 CONVERSION OF /-SERINE TO GLYCINE 





liver of the guinea pig. He also found that glutamine was not utilized for 
hippuric acid formation in the rat liver (17), and neither he (18) nor Borsook 
and Dubnoff (19) were able to demonstrate the utilization of serine or 
glutamic acid for hippuric acid formation in the liver slices of the rat. 

In order to investigate the origin and mechanism of the formation of 
glycine in vivo, a modificaticn of the isotope dilution technique was em- 
ployed. Equimolecular quantities (0.35 mm per 100 gm. of body weight) 
of benzoic acid and of some amino acids labeled with isotopic nitrogen were 
injected intraperitoneally into fasting rats and guinea pigs. If the labeled 
compound administered were converted to glycine, the hippuric acid ex- 
creted would contain excess N™, for it has been previously demonstrated 
by Rittenberg and Schoenheimer (20) that the administration of glycine 
labeled with N™, together with benzoic acid, results in the excretion of 
labeled hippuric acidy’ Under these conditions the dietary glycine used for 
hippuric acid synthesis was diluted by “‘endogenous” glycine. Since most 
of the test compounds were labeled only with N™, the appearance of excess 
isotopic nitrogen in the glycine of the isolated hippuric acid would only be 
indirect proof for the utilization of the carbon structure of the test com- 
pound, for the nitrogen might have been removed from it by deamination 
and then utilized for glycine formation by combination with some other 
compound. However, the determination of the ratio of the isotope con-_ 
centration of the test compound, (Co, to that of the hippuric acid, C, (the 
dilution factor ('/C) offers a method of differentiating between direct 
carbon utilization and mere nitrogen utilization. The dilution factor for 
glycine should be lower than for any other test compound. This is con- 
firmed by the findings summarized in Table I. The dilution factor for 
isotopic ammonia was also determined and found to be considerably higher 
than that of glycine. 

The dilution factors of glycine and ammonia can be taken respectively 
as the lower and upper limits for comparison of ‘natural’ amino acids as 
glycine precursors. One primary condition that a test compound must 
meet in order to be considered as a possible precursor of glycine is that its 
dilution factor must be lower than that found for ammonia. The nearer 
the dilution factor of the test compound to that found for glycine, the better 
the evidence for, and the more extensive the conversion. 

It can be seen from Table I that, whereas the dilution factors for glycine 
in the rat and guinea pig are approximately the same, the dilution factors 
for ammonia in these animals are widely different; 7.c., 21 for the guinea 
pig and 415 for the rat. This indicates that the guinea pig can utilize am- 
monia more efficiently for the formation of glycine or for a glycine precursor 
than the rat. Since the dilution factor for ammonia in the rat is so high, 
the fact that the dilution factors for the other test substances are lower than 
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that for ammonia is not a sufficient criterion for their conversion to glycine; 
the test substance may merely be a better nitrogen donor for glycine synthe- 
sis than ammonia. On the other hand it may be a relatively poor donor, 
as appears to be the case for /-leucine in the guinea pig. In the rat it is 
more desirable to consider how closely the dilution factor of the test sub- 
stance approaches that of glycine. 

It can be seen from Table I that the dilution factor of /-serine more closely 
approximates that of glycine than any other test compound in both guinea 


TABLE | 
Utilization of Nitrogen-Containing Compounds for Glycine Formation 
0.35 ma of a compound labeled with N™ and 0.35 mm of benzoic acid per 100 gm. 
of body weight were injected intraperitoneally into fasting rats and guinea pigs. 














| N® excess of isolated | Dilution factor 
Compound administered hippuric acid | (S 
(C) | Cc 
‘ Ns | Guinea Guinea 
Compound —— Rat | pig | Rat | pig 
atom atom | atom | 
percent | percent | percent 
Glycine... .. ..seaees| 1.12 | 0.406 | 0.450 2.8 | 2.4 
Ammonia*...... : Saattiee tibete | 2.35 | 0.006 | 0.115 390 | 2 
. 4 Se RE, FF | 0.074 | 1.466 440 22 
L-Serine... a ...-| 1.89 | 0.345 | 0.483 5.5 3.9 
AS | 1.89 | 0.012 | 0.013 158 145 ~ 
LGlutamic acid......... .....) 0.86 | 0.019 | 0.087 45 10 
d-Glutamic ‘ sil. wish whi oie | 0.003 0.010 1500 450 - 
dl-Glutamic “ f ................| 4.45 | 0.069 | 0.345 64 13 5-- 
EE ee ..| 4.05 0.070 0.218 58 19 — 
ich, 5.5 o:05.n0% cv asd « opp as | 1.97 | 0.021 | 0.092 4 21 
Ae 2 BRA | 11.6 | 0.245 | 0.494 47 23 — 
Leucine... | 4.67 | 0.039 | 0.087 | 120 54 
Ethanolamine............... ...| 2.00 0.006 4) .035 334 57 

















* Administered as ammonium citrate. 
+ 0.35 mm of the 1 + 0.35 mm of the d compound per 100 gm. of body weight. 


pig and rat, 5.5 in the rat and 3.9 in the guinea pig. This finding strongly 
indicates an extensive and rapid conversion of l-serine into glycine with 
utilization of the carbon chain and without loss of the a-amino group, unless 
a specific transamination is involved. This conversion is specific for the 
lisomer, as can be seen from Table I. Very little of the labeled N was found 
in the hippuric acid after the administration of the d-serine. That the 
metabolic pathways of the two isomers differ is also shown by the work of 
Artom, Fishman, and Morehead (21) who demonstrated that the d isomer 
is toxic. 
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The only other amino acid tested which may be converted into glycine 
is l-glutamic acid (dilution factor 10 for the guinea pig, 45 for the rat), 
Whether the carbon of glutamic acid is utilized for glycine formation, even 
in the guinea pig, is difficult to decide, for glutamic acid seems to be the most 
rapid and effective nitrogen donor for metabolic nitrogen and the value of 
10 for the dilution factor in the guinea pig might arise from an efficient 
transfer of the nitrogen from the glutamic acid to some precursor of glycine. 
On the other hand,.aspartic acid and probably alanine are also efficient 
nitrogen donors; yet these amino acids are no better than ammonia in the 
guinea pig. The results here reported, taken in conjunction with those of 
Leuthardt (17), at least suggest the possibility that glutamic acid may be 
converted into glycine perhaps by first forming serine by 8 oxidation, A 
definite decision must await experiments in which glutamic acid is labeled 
with heavy carbon. 

The presence of a small amount of N" in the hippuric acid when leucine, 
alanine, aspartic acid, and proline were administered is ascribable to the 
utilization of the nitrogen of these amino acids, but not of carbon. The 
apparently more efficient use of the nitrogen of aspartic acid and proline is 
probably due to the fact that these amino acids were given as a racemic 
mixture; 0.35 mM of the / form and an equal amount of the d form were 
injected. If any of the nitrogen of the d isomers was utilized, in contrast 
to the non-utilization of the nitrogen of the d-glutamic acid (Table I) 
which is largely excreted unchanged (22), the dilution factor would be lower 
than that which would have been found with the / isomer (0.35 mM per 100 
gm. of body weight) alone. It would appear therefore that a considerable 
fraction of glycine is synthesized in the animal body from /[-serine. 

The above data indicate that /-serine is directly converted to glycine. 
The conversion could proceed by any one of three possible mechanisms. 
(1) The serine could first be decarboxylated to yield ethanolamine, which in 
turn could be oxidized te yield glycine. (2) The serine could be converted 
to free aminomalonic acid by oxidation occurring on the B-carbon, which 
would yield glycine by loss of either carboxyl group. (3) The 6-carbon of 
serine could undergo a partial oxidation to yield formylglycine, which by 
hydrolytic cleavage would give rise to glycine and formic acid. 

In order to elucidate the mechanism of the conversion of serine inte 
glycine and eliminate the remote possibility that only the nitrogen of 
serine is utilized for glycine formation, serine was synthesized with N® in 
the amino group and C® in the carboxyl group. This was administered to 
the rats and guinea pigs, and glycine was isolated from the excreted hippuri¢ 
acid. The finding of C™ in the glycine definitely proves the conversion of 
serine into glycine and the finding of N™ and of C™ in almost unchanged 
ratio in the glycine eliminates éthanolamine as an intermediate (Table II). 
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This conclusion was corroborated in an experiment in which ethanolamine 
labeled with N“ was administered together with benzoic acid to the animals, 
and the dilution factor determined after isolating the hippuric acid. It can 
be seen from Table I that the dilution factor is 57 for the guinea pig and 334 
for the rat, showing no conversion of ethanolamine to glycine. The con- 
yersion of serine to ethanolamine shown by Stetten (9) may therefore pro- 
ceed through the intermediate formation of glycine rather than by direct 
decarboxylation (23). 

The approximate equality of the N':C"™ ratios contraindicates the 
participation of free aminemalonic acid as an intermediate, for if this latter 
compound were first formed, the ratio would be twice as high as that found, 


Taste Il 
Conversion of dl-Serine, Labeled with C® in Carboryl Group and with N™, to Glycine 
0.35 ma of di-serine (0.175 mM of the d + 0.175 ma of the | compound) and 0.35 
ma of benzoic acid per 100 gm. of body weight were injected intraperitoneally into 
fasting rats and guinea pigs. 
N® excess of | Cw excess of | Nis | cs N'5:C® ratio of 


glycine of | carboxyl group Pare dilution | glycine of iso- 
| dilution lated hi te 











| 
. Tae | isolated of glycine of factor 
Compound injected | hippuric isolated hip- a. C ach 
acid | puric acid | ( -) (%) } S) 
(C) (C’) C ce "he 
ek ee | Pal § | 
EXCESS) \>)5. | | | 
ex- | car- : Guinea “2 7 uinea 
| cess | boxyl (2) Rat | : Rat pig | Rat | ¢ | Rat $ | Rat pig 
(Co) group C, z 5 | 5 | 
Lhe 3 
‘atom! atom atom | atom atom | atom | 
per per per per per | per | | | | 
cent cent cent cent | cent | cent | 
dl-Se- | ps 
rine... 4.53 2.38 1.90 (0.6140.799| 0.346, 0.410 7.4. 5.7) 6.9 5.8) 1.77 | 1.95 
I i ' ! 
—— - t - ~~ San rae Gee 


since either of the two carboxyl groups could be split off. Were aminoma- 
lonic acid actually an intermediate, the equality of the N%:C¥® ratio would 
be conceivable if serine was reversibly deaminated and by a coincidence the 
rate of this reaction was of such a magnitude as to leave the N®:C® ratio 
unchanged. The probability of such a coincidence appears remote; it seems 
reasonable to conclude that serine is converted into glycine by the splitting 
off of the B-carbon. 

The essential equality of the N"°:C" ratios in the serine administered and 
the glycine isolated could have come about only by the splitting off of the 
B-earbon in the conversion of serine to glycine and equal utilization of the 
nitrogen, carboxyl, and a-carbon atoms of serine. The elimination of the 
8-earbon from serine may take place by a reverse aldolization, as postulated 
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by Nicolet (24) for the formation of glycine from serine by alkali treatment 
or it may take place by 8 oxidation followed by hydrolytic cleavage, as 


H H _a H H 
Ho—c—c—coon 2), jome-< coon | H:0 | 


H NH, NH: 
CH.NH.COOH + HCOOH 


This would represent an extension of Knoop’s theory of 8 oxidation of fatty 
acids to a compound containing an amino group on the a-carbon, How- 
ever, this appears to be a special case in the sense that the 6-carbon must 
first be partially oxidized, for alanine is not oxidized to serine (Table I), 
Further, both Dakin and Knoop found that while phenylserine (14, 16) 
and §-phenyl-a-amino-8-hydroxyvaleric acid (15) gave rise to hippuric 
acid phenylalanine did not (16). Whether this reaction is general for all 
a-amino-8-hydroxy acids is still unknown. 

The presence of the N® and C labels of serine in the glycine of the hip- 
puric acid could conceivably be due to the conversion of the /-serine first to 
N-benzoylserine, and then to hippuric acid. However, this possibility is 
eliminated by the finding of Magnus-Levy (25) in the rabbit, confirmed by 
the present author in the rat and guinea pig, that administered N-benzoyl- 
serine was excreted unchanged and not converted into hippuric acid. 

The observation that the N“:C" ratios in the serine and the glycine are 
almost equal raises the question of amination of a-keto acids. It would 
appear that if serine or the glycine formed from the serine is deaminated 
and resynthesized by amination the over-all process must take place at a 
very slow rate, for the N" dilution factor would otherwise be much higher 
than that found for C" and the N“:C® ratio of the isolated glycine much 
lower. It is well known that the keto acids corresponding to alanine, 
aspartic acid, and glutamic acid can be aminated by transamination 
(26, 27) and that a-ketoglutaric acid can be reductively aminated with am- 
monia to form glutamic acid (28). Also, the finding of N™ on the a-amino 
groups of the essential amino acids, with the exception of lysine (29, 30), 
and the utilization for growth of some of the d isomers of the essential 
amino acids (31) show that the a-keto acids of these amino acids can be 
converted into the corresponding amino acids. Though it is recognized 
that probably all of the amino acids are deaminated, evidence is accumulat- 
ing that some of the keto acids are not reaminated either by reductive 
amination or by transamination. It has recently been shown that arginine 
does not undergo this reversible reaction (6) and the present report indicates 
that this is probably true also for serine and glycine. 

These findings demonstrate that some of the non-essential amino acids 
are formed directly from other amino acids rather than by amination of 
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their keto acids exclusively. Moreover, all relevant information on record 
suggests that the animal organism can synthesize the carbon chain of only 
those a-keto acids which arise in the metabolism of the carbohydrates; 
namely, pyruvic, oxalacetic, and a-ketoglutaric acids. Of the amino acids 
which arise from these keto acids, glutamic acid may play a central réle in 
the formation of other non-essential amino acids. Glutamic acid has been 
shown to be intimately related to the 5-carbon amino acids proline (3, 4) 
and ornithine (5,6). Asa result of the present work and that of Leuthardt 
(17), it appears that glutamic acid may be converted to glycine. The in- 
termediate of this conversion might be serine arising from 8 oxidation. 
Moreover, the formation of cystine from serine has been shown (8, 9), and 
now the conversion of serine into glycine has been definitely established. 
It is significant that the carbon structure of threonine and the amino acids 
having more than a 5-carbon chain length, a branched chain, or a ring 
system do not seem to be synthesized in the rat. 

The high degree of utilization of serine (comparison of the dilution factor 
of glycine and the dilution factor of /-serine) for glycine formation found in 
these experiments may be misleading, for the animal cell may be carrying 
out this conversion to an abnormal extent under the stimulus of the neces- 
sity for eliminating the benzoic acid. A more significant value should be 
obtainable by comparing the formation of hemin or creatine from the 
labeled serine and glycine. 


EXPERIMENTAL 


Administration of Test Substances—A solution containing 0.35 mm of 
the neutralized test substance and 0.35 mo of sodium benzoate per 100 gm. 
of body weight was injected intraperitoneally into the rats (220 to 300 gm.) 
and guinea pigs (280 to 500 gm.) which were fasted previously for 24 hours. 
Each test substance was administered to a group of at least two animals. 
The urine was then collected for 24 hours, during which time food was still 
withheld from the animals. 

Isolation of Hippuric Acid—The urine from the experimental animals of 
each group was pooled, filtered, acidified to Congo red paper with dilute 
sulfuric acid, and then extracted with ether for 5 to 8 hours in a continuous 
extractor. The ether solution was evaporated on a steam bath and the 
residue recrystallized several times from hot water, charcoal being used 
when necessary. All the samples of hippuric acid isolated melted at 191- 
192°. 

Glycine from Hippuric Acid—In the experiment in which serine containing 
C® was administered it became necessary to isolate the glycine from the 
hippuric acid in order to reduce the dilution of C"™ by the carbon of the 
benzoyl group. The hippuric acid isolated from the urine of the rats and 
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guinea pigs was hydrolyzed by boiling for 5 hours with 20 per cent hydro- 
chloric acid. The solution was diluted with an equal part of water, cooled, 
and extracted several times with ether. The aqueous solution was taken 
to dryness in vacuo and the residue dissolved in water. The chloride was 
removed with silver carbonate and the silver removed from the filtrate 
with hydrogen sulfide. Glycine was isolated from the concentrated filtrate 
by the addition of alcohol and recrystallized from a solution of water and 
alcohol. 


C.H;,Q.N. Caleulated, N 18.7; found, N 18.8 


N® Glycine—Glycine was synthesized in the manner described by 
Schoenheimer and Ratner (32). It contained 1.12 atom per cent excess 
N*. 

N® Ammonium Citrate—0.008 equivalent of ammonia generated from 
isotopic ammonium chloride was distilled into a solution containing 0.02 
equivalent of citric acid. One sample contained 2.35, another 32.5 atom 
per cent excess N™. 

N® L-Glutamic Acid—The l-glutamie acid was prepared by the isolation 
of /-glutamie acid from protein hydrolysates after the addition of isotopie 
dl-glutamic acid to the protein hydrolysate, as described in the isotope 
dilution method for amino acid analysis (33). It contained 0.862 atom per 
cent excess N®. The specific rotation, based on free glutamic acid, was 
[a], =+31.0° (2 to 3 per cent in 2.5. N HC). 

N® dl-Aspartic Acid—The dl-aspartic acid was synthesized in the manner 
described by Schoenheimer and Ratner (32). It contained 4.05 atom per 


cent excess N™. 
C,H;O,N. Calculated, N 10.5; found, N 10.5 


N® 1-Alanine—dl-Alanine containing 1.97 atom per cent excess N™ was 
prepared by condensing acetaldehyde, isotopic ammonium chloride, and 
sodium cyanide according to the method of Kendall and McKenzie (34). 
The isotopic /-alanine was prepared from the strychnine salt of benzoyl- 
dl-alanine according to the method of Dunn et al. (35); [a], = +13.5° (3.5 
per cent in 6 N HCl). 

N® dl-Proline—The dl-proline was synthesized from isotopic potassium 
phthalimide (32) by the method of Sérensen and Andersen (36). The pro- 
line contained 11.6 atom per cent excess N"™. 


C,H ,O.N. Caleulated, N 12.1; found, N 12.1 


N® Ethanolamine, l-Leucine, di-Glutamic Acid, and d-Glutamic Acid—The 
sample of ethanolamine, containing 2.00 atom per cent excess N"™, was pre- 








by 


‘om 
).02 


ion 
ype 
ope 
per 
was 


ner 
per 


was 
and 
34), 
oyl- 
(3.5 


um 
yr0- 


The 





D. SHEMIN 305 


pared by Dr. Kx. Bloch (1),and the samples of /-leucine, containing 4.67 atom 
per cent excess N° (32), dl-glutamic acid, containing 4.45 atom per cent excess 
N, and d-glutamic acid, containing 4.50 atom per cent excess N™ (22), 
were prepared by Dr.S. Ratner. The author wishes to express his thanks 
for these preparations. 

N® dl-Serine—Isotopic glycine was prepared as above and esterified with 
ethyl alcohol. The glycine ethyl ester hydrochloride was benzoylated 
by the method of Franzen (37). The ethyl hippurate was converted to 
N-benzoylserine ethyl ester by condensation with ethyl formate and re- 
duction with aluminum amalgam according to the procedure of Erlenmeyer 
and Stoop (38). Serine was isolated from the above derivative by hydro- 
lyzing with 20 per cent HCI, filtering off the resultant benzoic acid, re- 
moving chloride ion with silver carbonate, evaporating, and precipitating 
with alcohol (7). The serine contained 1.89 atom per cent excess N™. 


C;H;O;N. Caleulated, N 13.3; found, N 13.2 


N® L-Serine and N® d-Serine—The p-nitrobenzoy! derivative of the above 
racemic serine was resolved into the d and l components by forming the 
quinine salt of the d component and the brucine salt of the / component 
according to the method of Fischer and Jacobs (39). 


l-Serine—[a]p = —6.8° (3.5% in water) 
d-Serine—[a]) = +7.0° (3.5% in water) 


N® and C® dl-Serine (HO-C-Hz—H-C-N“H,—C®OOH )—Glycine con- 
taining C’ in the carboxyl group and N™ was synthesized by first condensing 
phthalimide with formaldehyde by the procedure of Sachs (40). The result- 
ing hydroxymethylphthalimide was converted to chloromethylphthalimide 
by treatment with thionyl chloride and the latter compound was converted 
to cyanomethylphthalimide by treating it with sodium cyanide, labeled with 
C8, by the procedure of Sakami, Evans, and Gurin.! The cyanomethyl- 
phthalimide was hydrolyzed with a mixture of hydrochloric and acetic acids 
and glycine isolated.!. The glycine was converted to serine in the manner 
described above. The serine contained 4.53 atom per cent excess N™ and 
0.792 atom per cent excess C"; the carboxyl group contained 2.38 atom per 
cent excess C™, 

N-Benzoyl-dl-Serine— N-Benzoy]-dl-serine was synthesized by a method 
similar to that described by Sérensen and Andersen (41);m.p. 169°. 110 and 
125 mg. of this compound were injected intraperitoneally respectively into 
a fasting rat and a fasting guinea pig and the urine of these animals was 
collected separately for 24 hours. The urine samples were acidified to 
Congo red paper with dilute sulfuric acid and then extracted with ether for 


'Sakami, W., Evans, W. F., and Gurin, 8., private communication. 
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15 hours in a continuous extractor. The ether solutions were evaporated 
and the residue recrystallized from water with the aid of charcoal. 68 and 
76 mg. of N-benzoyl-dl-serine were isolated from the guinea pig and rat 
urines respectively. The isolated material melted at 167—168° and gave no 
depression in the melting point when mixed with an authentic specimen of 
N-benzoy|-dl-serine. 

Isotope Analysis—The N* analysis was carried out in the usual fashion 
with the mass spectrometer. The C" analysis was carried out by burning 
the compounds and analyzing the CO, with the mass spectrometer. The 
author wishes to express his appreciation to Mr. I. Sucher for the isotope 
analyses. 


SUMMARY 


Amino acids, labeled with N™, together with benzoic acid were injected 
into rats and guinea pigs and the isolated hippuric acid was analyzed for its 
N® concentration. By comparing the dilution factor Co/C (Co = N® con- 
centration of administered compound, C = N" concentration of hippuric 
acid) of several amino acids with that found for glycine and ammonia, it 
was found that only /-serine is directly converted, with utilization of carbon 
and nitrogen, into glycine in the rat and guinea pig. It would appear 
from the data that a considerable fraction of l-serine is converted to glycine 
in the rat and guinea pig. 

The mechanism of this conversion was established by employing serine 
labeled with N™ in the amino group and with C® in the carboxyl group. 
It was found that /-serine is converted into glycine by the splitting off of the 
8-earbon atom. It was also found that the N“:C™ ratios of the admin- 
istered serine and of the glycine of the excreted hippuric acid are essentially 
the same. 

The formation of some of the amino acids is discussed. 
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THE METABOLISM OF METHYLXANTHINES AND THEIR 
RELATED METHYLURIC ACIDS* 


By VICTOR C. MYERS ann RAMON F. HANZALT 


(From the Department of Biochemistry, School of Medicine, Western 
Reserve University, Cleveland) 


(Received for publication, November 21, 1945) 


In studies on man Myers and Wardell (1) showed that the ingestion of 
caffeine and theophylline resulted in an increased excretion of uric acid as 
determined by colorimetric (Benedict-Franke (2), Benedict-Hitchcock (3)) 
methods, and as determined in one experiment with theophylline by a 
gravimetric method. On the other hand no increase in uric acid excretion 
was noted with the colorimetric method after the ingestion of theobromine. 
These authors suggested the possibility that the apparent increased ex- 
eretion of uric acid might be due to partial oxidation of the methylxanthines 
in position 8 and thus in their conversion to methyluric acids. In support 
of this hypothesis they found that 1- and 1 ,3-methyluric acids gave a good 
color reaction with the Benedict-Franke procedure, that 1,3 ,7-trimethyl- 
urie acid gave a trace of color, while 7- and 3,7-methyluric acids gave no 
color with the color reagents. 

It seemed desirable to study this question further in an effort to elucidate 
more fully the changes which occur in the methylated xanthines when in- 
gested. Not only are these methylxanthines quite universally consumed 
by man in such beverages as coffee, tea, and cocoa, but they are also used 
as diuretics (especially theobromine) and in coronary heart disease (theo- 
phylline). 

We were fortunate in securing a reasonable quantity of the various 
methyluric acids from Professor Hermann Biltz of the University of Breslau, 
and this has permitted us to study the fate of these methyluric acids in the 
animal body and to compare them with the products excreted in the urine 
after the ingestion of the methylxanthines. 

Preliminary reports of our studies on the methyluric acids and methyl- 
xanthines were made some time ago (4,5), but final presentation of the data 
has been delayed in the hope that we might make microanalyses on the 
methyluric acids we believed to be excreted after the ingestion of the 


*A report on some of these observations was presented before the Thirteenth 
International Physiological Congress, Boston, August, 1929 (4), and the American 
Society of Biological Chemists, Philadelphia, April, 1932 (5). This investigation was 
made with the assistance of a grant from the Committee on Therapeutic Research, 
Council on Pharmacy and Chemistry, American Medical Association. 

t Present address, Killian Research Laboratories, New York. 
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methylxanthines. This has not yet been done, but publication of our 
results should not be delayed longer. Recently Buchanan, with Block and 
Christman (6, 7), has carried out studies, in which the authors served as 
subjects, on the fate of the methylxanthines, theophylline, theobromine, 
and caffeine, with the aid of uricase. Their observations are in complete 
harmony with our hypothesis and our findings on the influence of the 
methyluric acids on the apparent uric acid excretion, as determined color- 
imetrically. These authors state, “The ingestion of caffeine or theophylline 
by human subjects is followed by a definite increase in the excretion of 
phosphotungstic acid-reducing materials as measured colorimetrically by 
both the direct or silver precipitation methods for the determination of uric 
acid. The administration of theobromine causes no such increase in urie 
acid excretion. The fractionation of this chromogenic material into true 
uric acid and residual reducing materials by the use of the enzyme uricase 
shows that the true uric acid excretion is increased very little, if at all, over 
a 24 hour period... The ingestion of caffeine or theophylline causes a very 
definite increase in the excretion of phosphotungstic acid-reducing materials 
which are not oxidized by incubation with uricase. Evidence has been 
presented which suggests that these materials may be 1-methyluric acid, 
3-methyluric acid, or 1, 3-dimethyluric acid formed by the oxidation and 
partial demethylation of the methylated xanthines.”’ 

Most experiments dealing with uric acid metabolism have been carried 
out on man, since other mammals, with the exception of man and the an- 
thropoid apes, excrete allantoin as the end-product of purine metabolism 
rather than uric acid. In 1916 Benedict (8) made the interesting observa- 
tion that the pure blooded Dalmatian coach-dog excretes uric acid in much 
the same manner as man. Owing partly to the fact that we desired to study 
the metabolism of synthetic methyluric acids of unknown toxicity, as well 
as that of the methylxanthines, the Dalmatian dog was selected as the ex- 
perimental animal in the crucial part of this study. This was done because 
we wished to be able to detect any conversion to uric acid in case demethyla- 
tion occurred in the methyluric acids and demethylation and oxidation in 
position 8 occurred with the methylxanthines. We realized that in trying 
to determine the fate of administered methylxanthines and methyluric 
acids, animals with high uricolytic indexes would possess certain advan- 
tages, since uric acid itself would largely be destroyed in the body and thus 
confusion with other color-reacting substances which might be excreted in 
the urine would be avoided. Our first studies with the methyluric acids 
were carried out with the albino rat, which, according to Hunter and Givens 
(9), has a uricolytic index of 96. However, it is unfortunate that we did 
not parallel some of our later studies with methyluric acids and methyl 
xanthines made on the Dalmatian dog with similar studies on the common 
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breed of dog, in which the uricolytic index is 98. This would have given 
us information similar to that obtained by Buchanan et al. (7) on human 
urine with the aid of uricase. 


EXPERIMENTAL 


Color Developed with Methyluric Acids—When the different methylurie 
acids were dissolved in buffer phosphate solution in the same manner as in 
the preparation of the uric acid standard for the Benedict-Franke method 
and the color developed, the results given in Table I were obtained. The 
comparison with uric acid is on a gm. molecular basis. The color develop- 
ment was carried out at room temperature, as in the Benedict-Franke 
method for urine, but essentially the same results were obtained when the 
color was developed in a boiling water bath. Aqueous solutions of methyl- 
uric acids yielded the same amount of color. Color failed to develop when 


TABLE I 
Colorimetric Values for Methyluric Acids with Benedict-Franke Reagents 


Methyluric acid Color — > ome of 
se per cent 
l-Monomethyluric acid..................... cece ee eeeee 85 
ET Ting SR, Se SE © eS ae 72 
3-Monomethyluric “ ..... smea on ke ng 29 
3,9-Dimethyluric “..... aig: ope va 12 
1,3,7-Trimethyluric “ .... ¢ : 5 
7-Monomethyluriec “ .. At x Mere trace 


‘ a oe 


1,7-Dimethyluric 
EE OR COT Te 


solutions of the methyluric acids were warmed with alkali and carefully 
neutralized, and when treated with hydrogen peroxide. 

It will be noted in Table I that 1- and 1,3-methyluric acids yield 
about three-quarters as much color as uric acid, while 3-methyluric acid 
gives less than a third the color and 3,9-methyluric acid gives about an 
eighth the color developed by uric acid under similar conditions. Of the 
four methyluric acids with methyl groups in position 7 (7-, 1,7-, 3,7-, and 
1,3,7-methyluric acids), only the last responds to the color reaction, and 
then only to the extent of 5 per cent. Buchanan, Block, and Christman 
(6), employing samples of the same methyluric acids by a somewhat dif- 
ferent procedure for developing the color, obtained results which in general 
parallel those of Table I but differ some in percentage values obtained. For 
example, they obtained more color for 1-methyluric acid, less for 1 ,3-di- 
methyluric acid, and about the same for 3-methyluric acid. With 1 ,3,7- 
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trimethyluric acid they report a trace, while we found 5 per cent of color, 
On the other hand they found 2.2 per cent of color with 1 ,7-dimethylurie 
acid, while we obtained only a trace of color. 

Solubilities of Methyluric Acids—As a preliminary to devising a scheme 
whereby it might be possible to isolate the methyluric acids from urine, it 
seemed necessary to ascertain their solubilities in water. This was deter. 
mined at 17.5° and 37.5°. With the exception of 3-monomethylurie acid al] 
of the methyluric acids were much more soluble in water than uric acid, 
3-Monomethyluric acid is comparatively insoluble, 1 part in about 18,000 
parts of water, but the remaining methyluric acids studied were much more 
soluble, 3 ,9-dimethyluric acid having a solubility of about 1 in 5000 parts 
and the remainder being increasingly soluble in the following order, 
l-, 3,7-, 1,3-, 1,7-, and 1,3,7-methyluric acids, the last named being 
soluble in about 200 parts of water. It is evident that on the basis of 
solubilities it should be possible to separate uric acid from the more soluble 
methyluric acids by fractional crystallization. 

The several methyluric acids are all precipitated by both ammoniacal 
silver magnesium mixture and Folin’s silver lactate-lactic acid solution, 
but with about half the methyluric acids the precipitation occurs only on 
standing. 

Methods for Metabolism Studies—Total nitrogen was determined by the 
Kjeldahl distillation and titration method (a micro technique being used 
with the rat) and creatinine by the original Folin method. The uric acid 
estimations were made by the Benedict-Franke direct colorimetric method 
(2) under rigidly controlled conditions. Urines were so diluted that witha 
standard containing 0.20 mg. of uric acid diluted to 50 cc. after color devel- 
opment and set at 15 mm., the unknowns would read between 10 and 20 
mm. in a visual colorimeter. As long as these conditions were strictly 
followed, the error in the determination of check solutions appeared to be 
very small. 

Experiments with Albino Rat—The animal studies with the methylurie 
acids were begun with metabolism experiments on the albino rat. In 
most instances these were of 6 days duration, with a 2 day control period 
and a 4 day experimental period after intraperitoneal or oral administra- 
tion of the several methyluric acids. Total nitrogen, creatinine, and ure 
acid were estimated in the daily urine samples, the constancy in the results 
for total nitrogen and creatinine being equal to that obtained with the dog. 
The rat normally excretes very little uric acid (1 to 2 mg. per day). From 
this point of view the rat should be a favorable animal in which to study the 
methyluric acids. If the methyluric acids are not acted upon by uricase or 
otherwise destroyed, they should in all probability be excreted in the urine, 
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and the methyluric acids which respond to the uric acid color reagent could 
be recognized and roughly determined in this way. 

Nineteen such experiments were carried out. The observations are 
summarized in Table II. It is at once apparent that only those methyluric 
acids which give a color response to the uric acid reagent influence the out- 
put of substances determined colorimetrically as urie acid. It would 

‘ Tasie I] 


Influence of Administration of Methyluric Acids on Daily Output of Uric Acid As 
Determined Colorimetrically in Rat 














Methyluric acid ad | Averages | 
a) | How administered con eee | unctta | Recovery 
Type Amount period | 

yo ms. me. mg. | mg. per cent 

oF ‘2- 10 Intraperitoneally 1.6 3.7 | 8.4 | 100 
2 | 1- 10 “ | 2.0 4.2 | 9.0 | 

3 .|1- 20 | Orally | 2.1 | 28 | 2.8 14 

4 | 1- o} « | 2.1 | 2.6 2.0 

5 | 3- i | 0.7 | 0.7 0 

6 | 3- | 15 | Intraperitoneally | 0.6 0.5 0 

7 | 1,3- 23 Orally ae 2.4 2.7 20 
8 | 1,3- 7 | ef 1.2 1.9 3.0 

9 | 1,3- 9 | Intraperitoneally | 2.4 3.4 5.0 150 
10 | 1,3- 12 | “ } 14 | 4.3 | 17.4 | 

11 | 3,9- 20 | Orally | 0.8 0.8 a 

12 | 3,9- 20 Intraperitoneally | 0.8 0.8 0 | 

a 9%.2- 20 | Orally 09 | 09 0 | 

l4 | 1,7- 10 | Intraperitoneally 10 | 1.1 0 | 

1% | 3,7- 20 | Orally 09 | 09 | Oo | 

16 3,7- 20 Intraperitoneally 08 | 0.9 | O 

oi te? | 2 Orally 0.9 | 09 | oO | 

18 1,3,7- 10 Intraperitoneally et 2 ie ee ee 

19 | 1,3,7- | 10 “ 1.1 1.5 1.7 | m0 








Controls are averages of 2 to 4 days, and experimental periods averages of 2 to 6 
days (4 days in sixteen experiments). The recovery is calculated on the basis of the 
colorimetric values for the methylurie acids given in Table I. 


appear that 1- and 1 ,3-methylurie acids are quite completely excreted in 
the urine when given intraperitoneally, but that fully 80 per cent disappears 
when administered orally. In the case of 1,3,7-trimethylurie acid the 
recovery is 3 times the theoretical without some demethylation of this 
methyluric acid. Since this methyluric acid yields only 5 per cent the 
color of uric acid, the figures for extra uric acid were multiplied by 20. The 
chance for error here is large, but it seems probable that there has been some 
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demethylation in position 7, resulting in increased color development. The 
observations on 1-, 1 ,3-, and 1,3,7-methyluric acid made on the rat har- 
monize very well with the data given in Table I, although 3- and 3 ,9-methyl- 
urie acids, which yield some color with the uric acid reagent, did not influ- 
ence the apparent uric acid excretion after ingestion. It may be noted 
that of the seven different methyluric acids studied these two are much the 
least soluble. However, a more probable explanation for the absence of 
any extra uric acid would be the demethylation of the methyluric acids, 
especially 3-methyluric acid, and subsequent destruction of the uric acid, 
since an increased excretion of uric acid was found in similar experiments 
on the Dalmatian dog, as shown below. 

Experiments with Dalmatian Dog—The experiments were carried out ona 
Dalmatian bitch of known pedigree, purchased from kennels specializing 
in this breed. At the beginning of the experiment it was 10 months old 
and weighed 15.5 kilos, a weight maintained throughout the experiments. 
The diet was purine-free, but, since there were some variations in the control 
uric acid values in the several periods in which the methyluric acids and 
methylxanthines were administered, the control data for total nitrogen, 
creatinine, and uric acid are given in Table III to aid in the evaluation of 
the colorimetric uric acid outputs for the experimental periods. The 24 
hour urine specimens were separated at the same hour daily by catheteri- 
zation. 

Normal Uric Acid Excretion—¥rom the beginning of the experiments in 
March, until June 6, 1929, the dog was fed on a diet of bread and milk plus 
cod liver oil and salt mixture (10). It was calculated to contain 1870 
‘alories. Benedict had maintained a Dalmatian dog on such a diet for a 
period of a year without any deleterious results. During the summer the 
dog was kept on a farm, the diet being kitchen scraps and milk. In the 
fall, when brought back to the laboratory, the bread and milk diet was 
resumed. This resulted after a few days in an increased output cf both 
total nitrogen and uric acid, as will be noted in Table III, the urie aeid 
rising from a 24 hour average of 416 mg. to 582 mg. On this account the 
diet was reduced to 1400 calories on September 23. Although a positive 
nitrogen balance was maintained, the uric acid in the control period, October 
11 to 13, fell to a daily average of 325 mg. From then on until the end cf 
December the endogenous uric acid output gradually rose, and from Decem- 
ber 21 to 23 averaged 427 mg. In January the synthetic diet of Cowgill 
(10) containing 1243 calories was used, and there was again a considerable 
drop in the endogenous uric acid output, the average of the three final 
periods being 307 mg. 

The increased output of uric acid which occurred on resumption of the 
bread and milk diet in September and the subsequent drop which occurred 
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in October, when the diet was reduced 25 per cent, were obviously due to 
changes in the diet. Later in November and December, while on this same 
reduced bread and milk diet, the uric acid returned nearly to its initial 
level. It again dropped in January when the Cowgill diet with a 10 per 
cent further reduction in calories was employed. It will be noted that the 
changes which occurred in the uric acid output were far greater than those 
in total nitrogen. There is no reason to suppose that the ingestion of the 
methyluric acids or methylxanthines had more than a temporary influence 


TABLE III 


Control Daily Total Nitrogen, Creatinine, and Uric Acid Excretion in Dalmatian Dog 
(Daily Averages for Periods Given) 





Time, 1929-30 Total nitrogen Creatinine Uric acid 

am. me. mg. 

Mar. 11-13 4.99 424 449 
“ 20-22 5.00 417 443 

“ =29-Apr. | 5.41 424 483 

Apr. 12-14 5.81 426 461 
“ 17-19 5.31 434 459 

“23-25 6.65 476 438 

“28-30 6.05 515 458 

May 16-18 5.71 506 478 
“* 30-June | 6.36 518 462 

Sept. 10-11 7.91 550 416 
“ 12-16 8.91 527 546 

~ 7-23 8.85 537 582 

Oct. 11-12 7.33 511 325 
“ 20-22 7.09 527 368 

“ 29-31 7.57 522 326 

Noy. 8-10 7.52 503 415 
“ 25-27 7.81 502 422 

Dee. 4-6 8.08 492 432 
“21-23 8.01 501 427 

Jan. 1-5 7.69 527 | 305 
“« 11-13 7.75 503 297 

“19-21 6.91 


520 319 


on the colorimetrically determined uric acid and therefore would not have 
been a factor in the different uric acid levels found in the several control 
periods. Evidently there are factors governing the endogenous formation 
and excretion of uric acid which are not fully understood despite the large 
amount of study this subject has received in the past. Further studies on 
the Dalmatian dog might help to elucidate some of them, since the endog- 
enous output of uric acid in this animal is considerably larger than in man. 
It is interesting to note that in comparison with a man weighing 70 kilos 
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the output of endogenous uric acid in this Dalmatian dog was about § 
times as great, while the total nitrogen was greater by about 3 times and 
the creatinine by 1.5 times. It will be noted that the values for creatinine 
rose during the first 6 weeks, possibly because the dog had not reached full 
maturity, but during the following 9 months remained very constant. 
Administration of Methyluric Acids—Seven different methyluric acids 
were administered to the Dalmatian dog by mouth, and the output of 
colorimetrically determined uric acid compared with the control output 
observed for the 3 days preceding the administration of the methyluric acid. 
Generally the output of urie acid was estimated for 5 days following the 


Taste IV 
Influence of Ingestion of Methyluric Acids on Excretion of Uric Acid As Determined 
Colorimetrically in Dalmatian Dog 


Uric acid excretion 


a - - | Mm ..-4 oa 3 day averages wae = “ag Extra uric acid — . 
’ ingested 5 day averages =e 
mg. me. me. me. per cent 

1,3- 500 162 549 +435 125 
1,3- 600 443 535 (6) +552 ~ 
1- 400 149 195 +230 dl 
1- 400 178 535 +285 
3- 300 158 192 +170 150 
3- 150 422 HS (6) +150 

1,3,7 145 138 HS (4) +40 180 
3,9- 100 159 1416 +35 75 
3,7 100 161 158 —15 0 
1,7 100 1S3 73 — 50 0 


Controls are averages of 3 days, and the experimental period averages of 5 days, 
except as noted. The recovery is calculated on the basis of the colorimetric values 
for the methyluric acids given in Table I. 

The numbers in parentheses give the number of days used to compute the averages 
when these are more or less than 5. 


administration of the methyluric acid. The difference between the average 
control output of uric acid and that for the experimental period was multi- 
plied by the length of the experimental period in days, and the total dif- 
ference taken to indicate the output of the phosphotungstie acid-reducing 
material due to the ingestion of the methylurie acids in terms of uric acid. 
The recovery of the methyluric acids ingested is caleulated on the basis of 
the color values for the different methyluric acids given in Table I. The 
data are presented in Table [V. It is apparent that 1 ,3-, 1-, and 3-methyl- 
uric acids are recovered quite completely in the urine after oral adminis- 
tration to the Dalmatian dog. The results are probably more accurate 
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for 1,3- and 1-methylurie acids than for 3-methyluric acid, since the phos- 
photungstic acid-reducing values of the first two methyluric acids are much 
more nearly equal to uric acid than is the case with 3-monomethyluric aeid. 
It is of interest that the apparent recovery of 1,3-dimethyluriec acid was 
somewhat better than for 1-monomethylurie acid in both the rat and the 
dog. ‘There was no apparent recovery of 3-monomethyluric acid in the rat, 
while recovery in the dog was apparently quite good. These observations 
ean be reconciled on the basis of considerable demethylation of 3-mono- 
methyluric acid. It has long been recognized that the methyl group in 
position 3 is the least stable (11, 12). If demethylation occurred in the rat, 
there would be conversion to uric acid and this would be destroyed. If 
there was partial conversion to uric acid in the Dalmatian dog, the recovery 
should be greater than the theoretical, since 3-monomethyluric acid yields 
only about a third as much color as uric acid. The recovery on the basis 
of the color reaction was about 150 per cent. Similarly the rat showed no 
increase after the administration of 3,9-dimethyluric acid, while there 
appeared to be some increase in the dog. The data on 1,3 ,7-trimethyluric 
acid suggest quite strongly not only that this substance is excreted in the 
urine, but that there has been appreciable removal of the methyl group in 
position 7, despite the fact that this methyl group has been regarded as the 
most stable one (11) and least inclined to electrolytic dissociation (12). As 
with the rat, the experiments with 3,7- and 1 ,7-dimethyluric acids were 
negative. This is to be expected, since neither reacts with the urie acid 
color reagent. Furthermore, the negative findings indicate that in these 
two dimethyluric acids appreciable demethylation did not occur in 
position 7. 

Administration of Methylranthines—Data which summarize our obser- 
vation on the administration of the methylxanthines to the Dalmatian dog 
are given in Table V. Unfortunately it was during the period of these 
experiments that we encountered the greatest difficulty in holding the level 
of the endogenous uric acid constant. The dates are given so that the 
experiments may be correlated with data given in Table III. However, it 
may be noted that in each experiment the uric acid returned to the approx- 
imate level of the control value after the methylxanthines given had been 
excreted. There is unmistakable evidence of the increased excretion of 
phosphotungstic acid-reducing material after the administration of theo- 
phylline. If these values are recalculated to 1,3-dimethyluric acid on the 
basis of the color-yielding value of this methyluric acid, the recovery almost 
exactly equals 100 per cent. We know from the experiments reported on 
the rat and the dog that 1,3-dimethyluric acid appears to be quite com- 
pletely excreted in the urine. From the experiments recorded in Table V 
it would appear that theophylline is almost quantitatively oxidized in 
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position 8 and thus converted to 1,3-dimethyluric acid, and that this 
methyluric acid is then excreted in the urine. As discussed below, it has 
been possible to isolate crystals from the urine, after theophylline adminis. 
tration, which appear identical with | ,3-dimethyluric acid. 

The increase in the excretion of phosphotungstic acid-reducing material 
after the ingestion of caffeine is unmistakable. It is unfortunate that the 
control values for the endogenous uric acid were at a low level, but there 
was a marked rise in the uric acid output, up to 250 mg., after administra- 
tion of the caffeine given in divided doses on 2 successive days, with sub- 
sequent return to the control level. If one calculates the extra phospho- 
tungstic acid-reducing material as 1 ,3,7-trimethyluric acid, which yields 


TaBLe V 
Influence of Ingestion of Methylxanthines on Excretion of Uric Acid As Determined 
Colorimetrically in Dalmatian Dog 


! 
Uric acid excretion 


Amount of 


Date of experiment, Methylxanthine | methylxan Methyl- 
1929-30 studied | _ thine Control 3 | xanthine ad- Extra uric 
average 
me. me. mg. meg. 
Jan. 19-30 | Theophylline | 2000 | 319 525 (9) +1854 
Nov. 8-20 | " 1500 415 546 (10) +1310 
Oct. 29-31 " 750 326 429 (7) +721 
Dec. 21-31 6 750 $27 497 (8) +560 
Jan. 11-21 | Caffeine 1250 297 410 (8) +904 
Oct. 11-20 ” 1000 325 431 (7) +742 
Jan. 1-12 Theobromine 2600 305 (5) | 347 (7) +294 
Oct. 20-28 - 1250 368 344 (6) — 198 


The numbers in parentheses give the number of days used to compute the averages. 


only 5 per cent the color of uric acid, then the recovery is about 15 times 
that calculated. This would suggest strongly that there has been consid- 
erable demethylation in position 7 resulting in the formation of methyluric 
acids which yield much more color than 1 ,3 ,7-trimethyluric acid. 

Two experiments were carried out with theobromine. In one, 750 and 
500 mg. of the methylxanthine were administered 3 days apart with little 
change in the output of uric acid. In the second experiment 600, 1000, and 
1000 mg. of theobromine were administered on successive days. On the 
days with the two large doses there appeared to be a definite rise in the out- 
put of uric acid, but this returned to the control level on the succeeding day. 
However, if one compares these experiments with those in which theophyl- 
line and caffeine were administered, the change in uric acid output was 
slight. 
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Isolation of 1,3-Dimethyluric Acid after Administration of Theophylline— 
Isolation of crystals which appeared identical with 1,3-dimethylurie acid 
after the administration of theophylline to the Dalmatian dog was secured 
by the following procedure. An amount of urine containing approximately 
200 mg. of phosphotungstic acid-reducing substances in terms of uric acid 
was employed. ‘The urine was precipitated with ammoniacal silver mag- 
nesium mixture, the precipitate allowed to settle in a dark cabinet for 30 
minutes, then thrown down in a centrifuge. The precipitate was transferred 
toa beaker with water and decomposed with hydrogen sulfide, the excess 
hydrogen sulfide expelled, the material filtered while hot, and then taken to 
dryness on a water bath. The impure uric acid mixture was dissolved in 
boiling water and, while still warm, reprecipitated with ammoniacal silver 





Fie. 1. Crystals obtained from urine following theophylline administration. 
Fig. 2. Crystals of 1,3-dimethylurie acid. 


magnesium mixture, the original process being carried to the final stage of 
concentration. When the volume had been reduced to about 400 cc., it 
was strongly acidified with HCl and the solution set aside in a cool place 
for the uric acid to crystallize out. After standing for 24 hours, a mass of 
crystals had separated. These showed the quite typical microscopic ap- 
pearance of uric acid and were filtered off. The mother liquor was then 
concentrated to 100 cc. and again acidified with HCl. The crystals 
which formed were more typical of 1 ,3-dimethyluric acid than of uric acid, 
but they were separated, removed, and the mother liquor concentrated to 
25 ec., and again allowed to crystallize. The crystals which formed were 
separated and then recrystallized. The amount of material obtained was 
quite small, but the crystals were typical of 1,3-dimethyluric acid. The 
erystals obtained are shown in Fig. 1, in comparison with crystals of pure 
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synthetic 1 ,3-dimethyluric acid shown in Fig. 2. The drawings are accurate 
copies of photomicrographs.! 


DISCUSSLON 


The older literature on the fate of the methylxanthines in the body has 
been discussed in a previous paper (1), and references will be made here 
only to work that has a direct bearing on our present studies. Until the 
advent of colorimetric methods of uric acid estimation it was not believed 
that the ingestion of the methylxanthines (caffeine, theobromine, and theo- 
phylline) influenced the excretion of uric acid in the urine. It was thought 
that the change which occurred in the methylxanthines in the body was 
simply partial demethylation. From 10,000 liters of normal human urine 
Kriiger and Salomon (13) were able to isolate about 95 gm. of purines, of 
which 31 gm. were 1-methylxanthine, 22 gm. were 7-methylxanthine, and 
15 gm. were |,7-dimethylxanthine. Later Kriiger and Schmid (11) con- 
cluded that there was good evidence in man that the methyl groups are 
decreasingly stable in the order 7,1,3, and on this basis the methylxan- 
thines found in human urine can be easily accounted for by the removal 
from the methylxanthines ingested of the methyl group occupying posi- 
tion 3. 

After the introduction of colorimetric methods of uric acid estimation, 
an increase in the output of phosphotungstic acid-reducing material was 
observed following the administration of caffeine by Benedict (8), and 
after coffee and tea and decaffeinated coffee plus caffeine by Mendel and 
Wardell (14). Subsequently Myers and Wardell (1) observed that, al- 
though they obtained an apparent increase in the excretion of uric acid 
as determined by colorimetric method after caffeine and theophylline, 
there was no such increase after the ingestion of theobromine. Clark and 
de Lorimier (15) also studied the influence of caffeine and theobromine on 
the excretion of uric acid with a colorimetric method and likewise observed 
that theobromine was without influence on the uric acid output. The 
possibility occurred to Myers and Wardell that this discrepancy might be 
explained by the oxidation of the methylxanthines in position 8 to methyl- 
uric acids and that these might vary in their response to the colorimetric 
procedure of estimating uric acid. Colorimetric tests carried out on methyl 
urie acids kindly furnished by Professor Biltz were found to support this 
hypothesis. In their recent report Buchanan, Christman, and Block (7) 
have shown conclusively that, whereas there is a marked increase in the 
excretion of phosphotungstic acid-reducing material after both theophylline 
and caffeine, there is no increase in the excretion of true uric acid, as de- 


1 Figs. 1 and 2 are drawings of photomicrographs made by Theodora Bergsland of 
the Institute of Pathology, Western Reserve University. 
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termined with the aid of uricase. Theobromine was without influence on 
the excretion of phosphotungstic acid-reducing material. Their studies 
would appear to have finally disproved the view that there is any molecu- 
larly complete demethylation of the methylxanthines resulting in their 
conversion to uric acid. 

We believe that our studies with the methyluric acids and methylxan- 
thines have brought measurably nearer the final answer to the fate of the 
methylxanthines. Certainly the conclusion that the methylxanthines 
are at least partially oxidized in position 8 to form methyluric acids now 
seems inescapable. Our observations appear to support the conclusion of 
Kriiger and Schmid (11) and Biltz and Hermann (12) that the methyl 
group in position 3 is the least stable in the methylxanthines (also in the 
methyluric acids). ‘The methyl group in position 7 has been regarded as 
the most stable, but our observations on caffeine and 1,3 ,7-trimethyluric 
acid strongly suggest that there must be some demethylation in this posi- 
tion; otherwise it would be impossible to account for the increase in excre- 
tion of phosphotungstic acid-reducing substances observed after their 
administration. 

Observations which support the above statements will be summarized 
briefly. When 3-methyluric acid is given to the rat, which has a uricolytic 
index of 96, no extra uric acid is excreted, but in the Dalmatian dog the 
extra urie acid considerably more than accounts for the 3-methyluric acid 
given. If the methyl group in position 3 is removed, uric acid will be 
formed. In the rat it would be destroyed but in the Dalmatian dog it 
would increase the amount of phosphotungstic acid-reducing material, since 
uric acid yields about 3 times as much color as 3-methylurie acid. 

It would not appear that significant demethylation occurred in position 
1 when I-methyluric acid was administered. This methylurie acid yields 
85 per cent of the color given by uric acid. When administered intraper- 
itoneally to the rat, there was 100 per cent recovery. If any uric acid had 
been formed it wouid have been destroyed. The apparent recovery in the 
urine of the Dalmatian dog was about 75 per cent. 

When 1,3-dimethyluric acid was administered intraperitoneally to the 
rat and orally to the Dalmatian dog, there were 150 and 125 per cent re- 
covery, respectively. Since 1-methylurie acid yields about 13 per cent 
more color than 1,3-dimethyluric acid, the increase in phosphotungstic 
acid-reducing material can be accounted for by some demethylation in 
position 3. In the four experiments with theophylline the average recovery 
of extra uric acid accounts for about 100 per cent conversion to 1 ,3-di- 
methyluric acid, as determined colorimetrically. Certainly one must con- 
elude that fairly complete oxidation has occurred in position 8. While it 
seems likely on the basis of the experiments with 1,3-dimethylurie acid 
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that some demethylation occurred in position 3, this conclusion cannot be 
drawn from the data available. 

According to Biltz and Hermann (12) the inclination of the methyl groups 
towards electrolytic dissociation is in the order of positions 3,9,1, and 7, 
When 3 ,9-dimethyluric acid was administered to the rat, no extra reducing 
material was detected, but with the Dalmatian dog there was fairly good 
recovery. While our experiments are insufficient to draw a final conclusion, 
they do suggest demethylation in both positions 3 and 9. 

When | ,3,7-trimethyluric acid was administered intraperitoneally to the 
rat, the recovery in the urine was calculated as 300 per cent. Oral admin- 
istration to the Dalmatian dog gave a recovery of 180 per cent. The error 
in the calculation is obviously large, since 1 ,3 ,7-trimethyluric acid yields 
only 5 per cent of the color given by uric acid; nevertheless the findings 
strongly suggest that there has been some demethylation in position 7, thus 
yielding a methylurie acid with a higher chromogenic value. Demethyla- 
tion in position | or 3 would have decreased, not increased, the chromogenic 
value with phosphotungstic acid. In the two experiments in which caffeine 
was administered to the Dalmatian dog, the recovery of extra uric acid is 
about 15 times that calculated for 1 ,3,7-trimethyluric acid. This would 
suggest that the caffeine was not only quite completely oxidized in position 
8, but that a considerable part of the methyl group in position 7 must have 
been removed. It is of interest to note that, in relation to the phospho- 
tungstic acid-reducing power of | ,3,7-trimethyluric acid, uric acid yields 
20 times as much color, l-methyluric acid 17 times as much color, and 
1 ,3-dimethyluric acid 15 times as much color. This last relationship is the 
one which was actually observed in the experiments with caffeine. 


SUMMARY 


The metabolism of 1-, 3-, 1,3-, 1,7-,3,7-, 3,9-, and 1,3,7-methylurie 
acids has been studied in the albino rat, an animal with a high uricolytie 
index, and in the Dalmatian dog, an animal which resembles man in its 
excretion of uric acid. The metabolism of theophylline, theobromine, and 
caffeine was also studied in this dog. 

The most significant findings regarding the methyluric acids are that 3- 
methylurie acid appears to be quite completely demethylated and converted 
to uric acid, that 1 ,3-dimethyluric acid is eliminated in considerable part 
unchanged, although there may be some demethylation in position 3, and 
that 1,3,7-trimethyluric acid is partially demethylated in position 7. 

The methylxanthines, theophylline and caffeine, appear to be quite com- 
pletely converted to methylurie acids by oxidation in position 8. This 
question cannot be answered regarding theobromine with our present 
methods, since 3 ,7-dimethylurie acid is not reduced with phosphotungstie 
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acid. It would appear that the larger part of theophylline was eliminated 
as 1,3-dimethyluric acid, although some may be excreted as 1-methyluric 


acid. 


In the case of caffeine the increased excretion of phosphotungstic 


acid-reducing material can be explained most simply by oxidation in 
position 8 and fairly complete demethylation in position 7. 


o - w ro 
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MICROMETHOD FOR THE DETERMINATION OF UREA 


By V. EVERETT KINSEY ann PHYLLIS ROBISON 
(From the Howe Laboratory of Ophthalmology, Harvard Medical School, Boston) 


(Received for publication, November 28, 1945) 


The need for a micromethod to determine urea in micro samples of 
plasma, aqueous humor, and other body fluids has been met by the simple 
procedure to be described. The test can be used to determine the urea 
content of plasma or aqueous humor in quantities as small as 4 c.mm. with 
an accuracy of +5 per cent. It will be apparent that other nitrogen-con- 
taining compounds similarly may be determined by this method; the mini- 
mal size of samples should contain about 1 y of nitrogen. The method is 
essentially a combination of that of Conway (1) and Prater, Cowles, and 
Straka (2), appropriately modified for micro quantities. It consists first 
in conversion of urea to ammonia, secondly, in distillation into a drop of 
glycerol containing boric acid, and third, in titration of the distillate 
with dilute acid. The procedure is well adapted to making multiple 
determinations. 

Apparatus—Two means were investigated to accomplish the distil- 
lation. To keep the time to a minimum, the distance separating the 
surface of the sample to be analyzed from the drop into which the am- 
monia is to be distilled must be small. The simplest method of accom- 
plishing this consisted in surrounding small glass vials (9 mm. inside diame- 
ter and 6 mm. deep) with wells approximately 1 mm. in depth reamed out 
of a 3 inch Leucite plate, the diameters being of a size which easily accom- 
modated the sides of a second glass vial (16 mm. outside diameter and 1 em. 
deep) inverted over the first vial. The inner and outer walls were 14 and 
18 mm., respectively. A top and side view of the apparatus is shown in 
Fig. 1, A. 

In the second method a well of the same diameter, but deeper (8 mm.), 
was reamed out of the Leucite plate, and a hole having a diameter of 8 mm. 
and a depth of 4 mm. was drilled in the center, as shown in Fig. 1, B. With 
either method the distance between the surface of the liquid and the drop 
was less than 0.5em. None of the dimensions appeared to be critical. The 
only advantage of the second method is the elimination of one set of vials 
and the consequent ease of cleaning and lack of breakage. 

Any micro pipette or micro burette can be used to measure the sample. 
We used a micro pipette containing 0.05 ml. graduated in 0.0005 ml. The 
micro pipette! has a ground male joint on one end to receive a 27 gage 


‘Available from the Macalaster Bicknell Company, Cambridge, Massachusetta. 
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hypodermic needle and a ground female joint on the other end to hold g 
tuberculin svringe. The use of this type of micro pipette made it possible 
to obtain samples of body fluids such as aqueous humor, and, without 
transferring the material, to measure the samples accurately. A miero 
pipette like the one described above, but designed to hold 0.15 ml., was 
used for the titration. 

Stirring was most easily accomplished by introducing “‘fleas’’ consisting 
of a small piece of iron wire coated with glass in each vial, and placing the 
vial in a rotating magnetic field,’ although satisfactory results were obtained 
when stirring was done manually. 


TOP VIEW 


ADP LPADSI 
OO 


OO 


SIDE VIEW 


hand nod a ] 


Fic. 1. Apparatus used for determination of urea. A, wells 1 mm. deep; B, wells 
4mm. deep, 8 mm. in diameter. 














Procedure 


Reagents— 

Glycerol-boric acid. To 100 ml. of 25 per cent glycerol, saturated with 
boric acid, are added 25 ml. of pure glycerol. (This prevents the boric 
acid from precipitating during the distillation process. ) 

Urease extract (1 gm. of Squibb’s powdered double strength urease) in 
100 ml. of boiled saturated sodium chloride. 

Saturated sodium metaborate in saturated potassium chloride (boiled). 

0.002 N hydrochloric acid. 

Gramercy universal indicator (Fisher Scientific Company) diluted with 
15 parts of distilled H,O. 

Mineral oil. 

The sample to be analyzed is measured either into the small vial or a 
central cup (Fig. 1), and 1 drop of urease solution is added and allowed to 
react for 20 minutes at room temperature. Several drops of mineral oil 
are put in the well, and a small drop of the glycerol-boric acid solution is 


? Magnetic stirrer, Arthur H. Thomas Company, Philadelphia, Pennsylvania. 




























ad a 
sible 
hout 
lero 
Was 


ting 
the 
ined 


‘lls 


th 
ic 


in 


Se Uhr SS 








Vv. E. KINSEY AND P. ROBISON 327 


in the center of the larger vial. The size of the drops should be 
approximately the same. We used 0.005 ml. and measured it with a micro 
pipette. After the incubation period 1 drop of the metaborate solution is 
added and the vial containing the glycerol drop is immediately inverted 
over the central cup; the glycerol will remain as a hanging drop. 60 min- 
utes at 30° are allowed for distillation. The vial containing the distillate 
is then blotted to remove adhering oil, 0.5 ml. of the diluted indicator is 
added, and the solution is titrated with 0.002 x HC! to the color of a control 
containing no urea. The latter should be yellow. A lapse of approxi- 
mately 1 minute should be allowed between the addition of the final content 
of acid and the attempt to match the end-point. If the control has a green- 
ish appearance, it indicates that some ammonia has been introduced, prob- 
ably from the NaCl used to make up the urease or from the KCl-metabo- 
rate solution. It is recommended that several standards containing known 
amounts of urea be run with each set of unknowns. 

A colorimetric procedure described by Russell (3) may be substituted 
in place of the titration, if desired. In this instance the glycerol drop is 
washed out of the vial with three 0.5 ml. portions of water into colorimeter 
tubes. To each tube is added 0.05 ml. of 0.003 mM MneSO, or MnCl. With 
the tubes well chilled, 1.0 ml. of alkaline phenol reagent (25 per cent phenol 
in 2.7 N NaOH) and 0.5 ml. of hypochlorite solution are added. The tubes 
are then placed in a boiling water bath for 5 minutes, cooled, diluted to 
convenient volume, and read in a colorimeter. 


Results 


The time required for completion of the distillation process was deter- 
mined first. Urea solutions containing 3.6 7 of ammonia nitrogen were 
incubated with urease and permitted to distil for various lengths of time 
before titration. The results of analyses performed in triplicate are aver- 
aged and appear in Fig. 2. It will be seen that maximal values were ob- 
tained after 45 minutes distillation. On the basis of these experiments a 
distillation time of 60 minutes was used, and found to give satisfactory 
results. 

The method was then tested by making analyses of known amounts of 
urea. A typical series of results is given in Table I which shows the quan- 
tity of urea recovered and per cent of theoretical. 

The results obtained through the use of the colorimetric method which 
can be substituted for the titration procedure are illustrated in Fig.3. The 
sensitivity of this method approximates that of the titration procedure. 

The efficiency with which known amounts of urea could be recovered 
from plasma was then determined. Urea in amounts varying from an 
equivalent of 2 to 4 y of ammonia nitrogen was added to 0.01 or 0.02 ml. of 








Te ow 


—— 


a em NT IT RE Ee PLEO RC REE, INES he Ay FEI toe NTE: 


LN A I a a eI ES 





328 MICRODETERMINATION OF UREA IN PLASMA 











: ee ane eee eee Cee! Se ee 


i] 15 30 45 60 75 90 105 120 
TIME IN MINUTES 
Fic. 2. Distillation of ammonia into glycerol-boric acid solution at varying time 
intervals. 





TABLE I 
Urea Determinations 


Ammonia nitrogen 
Theoretical 


Added Found 
7 7 | per cent 
1.00 1.00 100 
1.00 0.98 OS 
1.00 1.00 100 
1.00 0.91 9] 
1.00 0.96 | 96 
1.00 1.01 101 
2.00 2.10 105 
2.00 2.02 101 
2.00 2.05 102 
2.00 2.04 102 
2.00 2.02 101 
2.00 2.02 101 
3.00 3.13 104 
3.00 3.04 101 
3.00 3.02 100 
3.00 2.99 100 
3.00 2.96 99 
2.99 100 


3.00 
rabbit plasma of known urea content. The mixture was then analyzed for 
urea in the usual manner and the findings are presented in Table II. It 
may be seen that an average of 97.8 per cent (range 94 to 101 per cent) of the 
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tity of urea added to plasma was recovered. 
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A similar proportion of 





yrea added to aqueous humor was also recovered. 
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Fic. 3. Analyses of standard urea solutions 


TaBLe Il 
Recovery of Urea from Rabbit Plasma 








Urea Total urea | ; 
_—— ‘= — sininguininae saaienaiioneriiat | Difference | Urea recovered 

Present Added Theoretical | Found 
¥ | y , y 7 per cenit 
2.91 4.23 7.14 6.90 —0.24 | 96.8 
3.00 8.35 11.4 10.9 —0.50 96.0 
3.18 4.23 7.41 7.30 —0.11 98.5 
3.18 8.47 11.7 11.1 —0.60 95.0 
4.50 7.80 12.3 12.1 —0.20 99.0 
4.50 7.80 12.3 11.6 —0.70 94.0 
5.85 2.54 8.39 8.25 —0.14 98.4 
5.85 4.23 10.1 9.75 —0.35 } 96.5 
5.85 5.94 11.8 11.6 —0.20 98.0 
5.85 8.47 14.3 13.5 —0.80 94.4 
6.00 8.35 14.4 14.5 | +0.10 | 101.0 
97.8 


Average 





Since the chief purpose of developing this micromethod was to make 
replicate quantitative determinations of urea in body fluids, particularly 
aqueous humor, a series of analyses was made of the urea content of serum 
and aqueous humor from young adult albino rabbits, and the ratio of the 
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quantity of urea present in the aqueous humor to that in the plasma was 
calculated on the basis of their respective water contents. In all instances, 
duplicate analyses were made on 0.013, 0.026, and 0.039 ml. of plasma or 
aqueous humor (obtained from one eye in each instance), and the quantities 
of urea present were estimated from the best line connecting these points, 
The findings are shown in Table III, whence it may be seen that, with one 
exception, the quantity of urea present in the plasma varied between 236 
and 347 y per ml. of water. The ratio of urea in the aqueous humor to 
that in the plasma varied between 0.73 and 0.97, the average being 0.88, 


Taste DI 


Urea Concentration Present in Plasma and Aqueous Humor of Rabbits, and Ratio of 
Their Concentrations 


Rabbit plasma Aqueous humor Ratio, aqueous to plasma 

> per ml. water > per ml. waier | 
255 216 0.85 
276 248 0.90 
280) 215 0.74 
255 187 0.73 
278 213 0.77 
324 303 0.935 
665 590 0.89 
308 287 0.93 
268 238 0.89 
347 337 0.97 
247 230 0.93 
300 270 0.90 
236 217 0.92 
238 225 0.945 

Average. 306 270 0.88 


The latter value is considerably higher than the ratio of 0.65 found previ- 
ously by Kinsey and Grant (4) with an aeration method which required 
samples of aqueous humor pooled from two eyes, for a single determination. 
The significance of this finding will be discussed elsewhere. 


SUMMARY 


A direct micromethod of estimating urea in plasma or other body fluids 
in quantities as small as 4 c.mm. containing | y of urea with an accuracy of 
+5 per cent is described. The method consists in direct conversion of 
urea into ammonia, distillation into a hanging drop of glycerol containing 
boric acid, and titration with dilute acid, or, alternatively, with a color- 
imetrie procedure in place of the acid titration. 
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THE SYNTHESIS AND PROPERTIES OF THE ACYL 
PHOSPHATES OF SOME HIGHER FATTY ACIDS 


By ALBERT L. LEHNINGER* 


(From the Department of Physiological Chemistry, Medical School, 
University of Wisconsin, Madison) 


(Received for publication, December 10, 1945) 


In preceding communications from this laboratory (1, 2) on the activation 
of fatty acid oxidation by adenosine triphosphate, a working hypothesis on 
the nature of this activation was elaborated. This hypothesis suggested 
the possible intermediate formation of carboxyl phosphates of the fatty 
acids to account for the necessity of adenosine triphosphate in fatty acid 
oxidation. ‘The subject of this paper is the synthetic preparation of the 
higher fatty acid phosphates, which will allow an experimental trial of these 
compounds as intermediates both in fatty acid oxidation, as mentioned 
above, and also in connection with Lipmann’s suggestion (3) that they 
may be intermediates in the synthesis of the glyceride bond according to 


the equation 


RC OPO;H. “f HO—C— aap RC—_O—C— + H;PO, 


= | | 
O O 

Fatty acid phosphates are the mixed anhydrides of phosphoric acid and a 
fatty acid. As such they show instability in aqueous media: the 1,3- 
diphosphoglyceric acid isolated by Negelein and Brémel (4) as a product of 
glyceraldehyde phosphate oxidation has a half life in neutral aqueous sol- 
ution at 37° of some 27 minutes; the acetyl phosphate synthesized by Lynen 
(5), approximately 187 minutes under the same conditions. Furthermore, 
the phosphate of these compounds is very labile in the presence of the 
molybdate-containing reagents, so that it appears as inorganic phosphate 
during the usual phosphorus partition procedures. These properties 
illustrate the difficulties involved in the preparation, purification, and 
detection of such compounds. 

Lynen (5) first described the synthesis of monoacetyl phosphate. This 
was prepared by the reaction of silver dibenzyl phosphate with acetyl 
chloride, followed by removal of the benzyl groups as toluene by catalytic 
hydrogenolysis. Lipmann and Tuttle (6) recently published a much more 
convenient synthesis of acetyl phosphate, based on the reaction between 


*Present address, Department of Surgery, University of Chicago, Chicago 37, 


Illinois. 
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334 ACYL PHOSPHATES 


acetyl chloride and monosilver phosphate (prepared by reaction of 2 moles 
of HsPO, and 1 of Ag;PO,). The use of silver dibenzyl phosphate and 
monosilver phosphate is necessary to prevent the formation of di- and 
triacetyl phosphates, which are formed when trisilver phosphate is used 
and which, according to Lynen (5), are impossible to convert to the mono. 
acetyl compound by partial hydrolysis. 

The syntheses of pure monooctanoyl and monopalmity! phosphate de. 
scribed in this report were completed independently before Lipmann and 
Tuttle’s detailed report on acetyl phosphate appeared. They were based, 
however, on an earlier statement by Lipmann (7) that a mixture of phos. 
phoric acid and trisilver phosphate reacted with acetyl chloride to form 
monoacetyl phosphate, indicating that monosilver phosphate, which has 
never been described, was formed by the action of HsPO, on trisilyer 
phosphate. 

In general, the properties of the higher acyl phosphates resemble those 
reported by Lipmann and Tuttle for acetyl phosphate but differ in degree. 
The higher acyl phosphates also possess striking colloidal properties not 
shared by the lower homologues. The enzymatic reactions of the higher 
fatty acid phosphates will be described in detail in a forthcoming report. 


EXPERIMENTAL 


Monopalmitylphosphoric Acid—In an ice-cold morter 7.52 gm. of oven- 
dry Ag;PO, were ground with 4.10 gm. (2.34 ml.) of 92 per cent H;P0, 
(prepared by passing dry air through 85 per cent H;PO, for 30 minutes at 
150° or until a specific gravity of 1.77 was attained). The mixture was 
more finely dispersed after the addition of cold absolute ether and grinding 
to make a suspension (total volume of 40 ml.) of the gray or grayish yellow 
“monosilver phosphate.” To it were added 11.1 gm. of palmityl chloride 
dissolved in 50 ml. of cold absolute ether. Whe solution was added drop- 
wise with continual stirring and grinding with the pestle. After the ad- 
dition was complete, the mixture was stirred an additional 5 to 10 minutes. 
The reaction mixture was centrifuged free of solid material and the super- 
natant (which contains the free monopalmitylphosphoric acid) was de- 
‘anted into a 500 ml. suction flask. The residue was extracted with several 
portions of ether and the washings added to the original supernatant. The 
ether was removed in vacuo, leaving a white, sometimes crystalline solid. 
300 to 400 ml. of hot benzene (50-60°) were added to the residue with 
swirling to yield a heavily turbid solution, which was then filtered, yielding 
a slightly turbid filtrate. This was placed in the cold room and allowed.to 
cool to 6-8°. With slow cooling the monopalmitylphosphoric acid sepa- 
rated in crystalline form. The compound was collected on a sintered glass 
plate, washed with a little cold benzene, and dried in vacuo. The material 
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consists mainly of monopalmitylphosphoric acid with some free palmitic 
acid. Total phosphorus analysis of the dry material showed approximately 
8.5 per cent P. ‘To obtain the analytically pure compound it was recrys- 
tallized in such a manner as to free it from palmitic acid. This could be 
done by repeating the recrystallization from warm benzene several times. 
However, the differential solubility of the two compounds is much greater 
in ether-benzene mixtures, allowing recrystallization of the monopalmityl- 
phosphoric acid to give analytically pure material in much less time, al- 
though at a considerable loss in yield. The crude material was dissolved in 
absolute ether (150 mg. per ml.). 5 volumes of benzene were added with 
mixing and the slightly turbid solution placed in an ice bath. The sides of 
the vessel were scratched with a glass rod to initiate crystallization. The 
monopalmitylphosphoric acid separated as glistening colorless platelets. It 
was filtered off on a sintered glass plate (sucking moist air through the 
substance should be avoided), washed with cold benzene, and dried in vacuo 
at room temperature. The yields were between 2 and 3.5 gm., or about 
20 per cent of that calculated. The compound decomposed at 61-63°. 


Analysis—C j6H3,0;P. Calculated, P 9.22, C 57.13; found, P 9.21, C 57.20 


The pure compound is unstable and absorbs atmospheric water, losing its 
crystalline structure with formation of palmitic acid and phosphoric acid. 
When kept in a vacuum desiccator over CaCls, it can be preserved for a week 
or so before decomposition is noticeable. 

Monopalmitylphosphoric acid is soluble in water (see later), ether, 
ethanol, acetone, and ethyl acetate. It is only sparingly soluble in the less 
polar solvents (benzene, xylene, toluene, carbon tetrachloride). 

If the compound was to be preserved for any length of time, it was usually 
converted to the disilver salt. 

Disilver Palmityl Phosphate—2 gm. of recrystallized palmityl phosphate 
were dissolved in 50 ml. of 75 per cent ethanol and neutralized to pH 7 with 
NaOH. An excess of 25 per cent AgNO; solution was added, yielding a 
flocculent white precipitate. This was filtered off, washed with alcohol 
and ether, and dried in vacuo protected from light. A nearly quantitative 
yield of the greasy white disilver salt was obtained. 


Analysis—C,sH;,0;PAg:. Calculated, Ag 39.22, P 5.64; found, Ag 39.31, P 5.77 
Caletum Monopalmityl Phosphate—When treated with excess calcium 
acetate, an aqueous solution of disodium palmityl phosphate formed a 


flocculent precipitate of the calcium salt. The calcium and magnesium 
salts of palmityl phosphate are considerably more soluble than the cor- 


responding salts of free palmitic acid. 


Analysis—C gH ,0;PCa. Caleulated, P 8.28; found, P 8.48 
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Barium Monopalmityl Phosphate—Barium ions form an exceedingly 
insoluble salt with aqueous solutions of the free acid. 


Analysis—C.H;,O0;PBa. Caleulated, P 6.58; found, P 6.58 


Distrychnine Palmityl Phosphate—When a dilute neutral solution of 
palmityl phosphate was treated with an equal volume of saturated strych- 
nine sulfate solution and the mixture left at 0° overnight, an insoluble 
distrychnine salt was formed. This reagent may possibly be of analytical 
value, since it is capable of separating the acyl phosphate from inorganie 
phosphate. Other precipitants tested did not share this property. 


Analysis—CysHOgN,P. Caleulated, P 3.09; found, P 3.33 


Monooctanoyl Phosphate—A mixture of 7.52 gm. of AgsPO, and 4.10 gm. 
of 92 per cent H,;PO, was prepared as in the palmityl phosphate method. 
The mixture was suspended in 40 ml. of absolute ether. To the suspension 
were added 8.0 ml. of octanoy! chloride dissolved in 30 ml. of absolute ether. 
The solution was added dropwise, with constant stirring with the pestle. 
After addition of the octanoyl chloride was complete, the mixture was 
stirred for 5 more minutes and the AgCl removed by centrifugation. The 
precipitate was washed with a 50 ml. portion of ether and the supernatants 
then combined, filtered to remove any unsedimented AgCl, and evaporated 
to a thick creamy fluid under diminished pressure. This material contains 
free octanoylphosphoric acid, unchanged octanoyl chloride, free octanoie 
acid, and some inorganic phosphate, as well as silver (in the form of an 
ether-soluble silver salt). It was taken up in 100 ml. of ice-cold water, 
shaking being avoided, to yield a creamy, strongly acid solution of high 
foaming power. To this solution was added a great excess of 25 per cent 
AgNO; with thorough stirring, yielding a white precipitate containing the 
disilver salt of octanoyl phosphate, as well as some silver chloride and co- 
precipitated silver octanoate. It is free of inorganic phosphate (since even 
traces of Ag;PO, will give a cream or yellow color). The precipitate was 
centrifuged off, the sediment packed to a small volume, and the supernatant 
drained off completely. The precipitate was then suspended in ice-cold 
water (100 ml.) and cold 1 n HNO; was added dropwise with shaking, dis- 
solving most of the material and leaving a heavily turbid solution. This 
was immediately filtered by gravity through a previously wetted Whatman 
No. 40 paper, yielding a filtrate of only slight turbidity. The filtration 
removes AgCl and also much free octanoic acid, which is adsorbed on the 
paper. To the filtrate was then added 25 per cent AgNO dropwise with 
thorough stirring, yielding a white, usually crystalline (platelets) precipitate. 
By precipitation in acid solution the octanoyl phosphate is separated from 
free octanoic acid and inorganic phosphate, which do not precipitate under 
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these conditions. After completeness of precipitation was assured, the 
silver salt was centrifuged off, washed with | volume of water, 95 per cent 
ethanol, and ether successively in the centrifuge, and then dried in vacuo 
over H.SO,, yielding a greasy white material of analytical purity. The 
yield was between 5 and 6 gm, or about 25 per cent over-all yield. All 
operations involving the silver salt must be carried out in a darkened room to 
avoid the photochemical reduction of Ag,to which the salt is extremely susceptible. 


Analysis—CsH,,0;PAge. Calculated, Ag 49.27, P 7.08; found, Ag 49.40, P 6.91 


Several methods for removal of the free octanoie acid, inorganie phos- 
phate, etc., were examined critically but the method of precipitation by 
an excess of Ag in acid solution appeared simplest and most effective. For 
use in enzyme experiments the presence of these impurities in small amounts 
is immaterial, since the acyl phosphates are more or less quickly dephos- 
phorylated by every mammalian tissue preparation studied. 

The compound is perfectly stable if kept in a vacuum desiccator shielded 
from light. It can be converted into the sodium salt by shaking with a 
10 per cent excess of the calculated amount of NaCl. The AgCl is removed 
by high speed centrifugation to give a water-clear neutral solution. The 
concentration can readily be established by means of an inorganic phosphate 
determination or the colorimetric acyl phosphate determination of Lipmann 
and Tuttle (8). 

Barium, calcium, and strychnine salts were also prepared. The an- 
alytical data are given in Table I. 

The phosphates of several other higher fatty acids were prepared by the 
procedures outlined. Crystallization of the free acids could be effected 
from ether-benzene mixtures if the acid contained 10 or more carbons. The 
losses were great with the 10- and 12-carbon acids but became progressively 
less with an increase in chain length. 

Solubility and Colloidal Behavior—The 8- and 16-carbon compounds 
dissolve in water to give acid solutions of high foaming power. This is in 
direct contrast to the insolubility in water of free octanoic and palmitic 
acids, especially the latter. The solutions are strong emulsifying agents. 
The change from the insolubility of free palmitic acid to the pronounced 
hydrophilic properties of palmityl phosphate was also demonstrated by the 
colloidal properties of the latter. When crystals of palmityl phosphate 
were moistened with water and triturated, the substance swelled and as- 
sumed a gel-like form. On dilution with water, a solution having a strong 
Tyndall effect was obtained. Palmityl phosphate could be salted-out by 
0.5 saturation with (NH,).SOx. 

Crude measurements made with a stalagmometer and the du Noiiy 
tensiometer on solutions of the acyl phosphates and corresponding fatty 
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acids at the same concentration and pH showed that although the aeyl 
phosphates lowered surface tension, as was expected, they were not as 
active in this respect as were the fatty acids. 

The introduction of the highly polar phosphate group into the fatty acid 
molecule evidently conferred striking hydrophilic properties on these 
compounds. The change in properties of the fatty acid on phosphorylation 
brings to mind similar properties exhibited by lecithin, for example, in 
contrast to those of a triglyceride. 

Apparent Dissociation Constants—Although colloidal solutions of the sort 
described above obviously deviate widely from the ideal, the apparent dis- 
sociation constants at 25° were calculated from titration curves constructed 
from pH data obtained potentiometrically with the glass electrode and 
Cameron pH meter. Solutions of octanoyl and palmityl phosphate in 
concentrations from 0.001 to 0.01 mM were either made up by weight or ob- 
tained by metathesis in CO,.-free water. Concentrations were checked by 


TABLE | 
Analytical Data on Salts of Octanoyl Phosphate 


Salt Formula P calculated | P found 

percent | porcms . 
Ca wnat CsH,;O;PCa 11.83 11.98 
Ba : , C .H,,0;PBa 8.63 8.72 
Strychnine... CyoHs909N P 3.48 3.80 


suitable analytical methods. Titrations from both the acid and basie 
side were performed. The dissociation constants given were calculated by 
methods outlined by Van Slyke (9) or obtained graphically. They rep- 
resent average figures. The titration curves showed two points of inflection 
corresponding to primary and secondary stages of dissociation. pK, 
and pK, values for the two compounds are shown in Table II, together with 
values for orthophosphoric acid, phosphocreatine, and glucose-1-phosphate 
for comparison. 

It is well known that esterification of phosphoric acid with certain organi¢ 
compounds causes a strengthening of its acidic properties (10, 11). In the 
case of the higher fatty acid phosphates here studied, this did not appear to 
be true of the first stage of dissociation but it did hold true for the physio 
logically important second stage. Some reservations must be made on the 
accuracy of the measurements because of the difficulty of reproducing the 
colloidal conditions (at least in the case of the palmityl phosphate) and the 
slight spontaneous hydrolysis of the acyl phosphates during the titrations. 

Stability of Aqueous Solutions—Lipmann and Tuttle have studied the 
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stability of acetyl phosphate in aqueous solution as a function of pH (6). 
The stability of octanoy! and palmityl phosphate followed the same pattern 
with regard to pH but was somewhat greater than that of acetyl phosphate. 
The course of the hydrolytic reaction was followed manometrically by 
measuring the displacement of CO, from a bicarbonate buffer at neutral 
reactions. This was made possible because the hydrolysis of the acyl 
phosphates liberates a new acid group according to the equation 

(2) RCOOPO;H, + H.O — RCOOH + H;PO, 

At pH 7.4 and 37° both octanoyl phosphate and palmityl phosphate pos- 
sessed a half life of some 12 hours (acetvl phosphate, 3 hours) (see Table 
III). Calculations employing the pK, values determined in the previous 


section and the pK: values of orthophosphoric acid in the Henderson- 
Hasselbalch equation showed that in the case of octanoyl phosphate com- 


TaBLe II 


Apparent Dissociation Constants 











Compound pKi pKe 
ee as | 
Monooctanoylphosphoric acid........ ' 3.00 | 5.4 
Monopalmitylphosphoric « . he 3.37 | 6.2 
Glucose-1-phosphoric acid*. 1.10 6.13 
Phosphocreatinet 4.58 
6.83 


Orthophosphoric acidt.................... 1.95 


* Taken from Cori, Colowick, and Cori (10). 
+ Taken from Fiske and Subbarow (11). 
t Taken from Van Slyke (9). 


plete hydrolysis at pH 7.4 should liberate approximately 0.76 equivalent 
of CO., palmityl phosphate about 0.82 equivalent. The yields of CO, 
obtained were 0.755 and 0.78 equivalent respectively, which are in fair 
agreement considering the inaccuracies involved and the lower temperature 
in the determination of the dissociation constants. The hydrolytic reaction 
followed the first order law in both cases. The deviations in the case of 
palmityl phosphate were probably due to the precipitation of free palmitic 
acid which occurred, leading to low CO: values. 

Behavior toward Acid Molybdate Solutions—Lipmann and Tuttle (6) and 
Fiske and Subbarow (11) have found that the phosphorus of acetyl phos- 
phate and phosphocreatine respectively appears as inorganic P when ana- 
lyzed by the Fiske and Subbarow molybdate colorimetric method (12). 
This hydrolysis occurs within the usual color development period. This 
property is also shared by the acyl phosphates here studied. The rate of 
color development (aminonaphtholsulfonic acid being used as the reducing 
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agent) in the presence of these compounds compared to the rate in the 
presence of orthophosphate was followed in a Coleman spectrophotometer, 
The rate of development of color from the acyl phosphates lagged behind 
that of inorganic P by only a very small interval. This was difficult to 
determine accurately in the case of palmityl phosphate, because the libera- 
tion of free palmitic acid produced a slight turbidity in the solutions. 
Maximum absorption values for the acyl phosphates were obtained well 
within the usual color development time (10 to 15 minutes). The reaction 


Tassie Il 
Rate of Spontaneous Hydrolysis of Octanoyl and Palmiiyl Phosphate at pH 7.4 and 8? 


The Warburg vessels contained 1.00 ml. of the acyl phosphate (or H.O blank) and 
2.00 ml. of 0.03 mM NaHCO, in the main compartment. The side arm contained the 
residue of 0.40 ml. of 0.0125 N tartaric acid dried in situ at 75°. The gas phase was 
5 per cent CO, in nitrogen. The retention of CO, by foreign buffer was found by 
allowing the tartaric acid to dissolve in reaction media at the completion of the 
hydrolysis and comparing with a blank determination without acyl phosphate. 
Octanoyl phosphate added, 3.25 K 10°* mole; palmityl phosphate, 2.23 K 10°. 


Octanoy! phosphate Palmity! phosphate 
Time — sane ; - 
| COs displaced | Hydrolysis | K X10! | CO: displaced| Hydrolysis K X 10 
min. c.mm. | per cent min! comm. per cent mint 
0 0 0 0 0 
06 to Ges 9.46 
210 9.8 | 17.8 9.36 7.0 17.9 9.42 
390 17.0 | 30.9 | 9.52 13.0 33.3 10.4 
720 27.0 49.1 9.38 19.7 50.2 9.76 
1320 39.0 70.9 9.35 25.5 65.4 8.20 
3900 55.0 100 39.0 100 
ES «<a nnahe atte « 4040 y 9.41 9.45 


mixture contained 0.4 ml. of 10 N H»SO,, 0.8 ml. of 2.5 per cent ammonium 
molybdate, and 0.4 ml. of reducing agent in a 10.0 ml. total volume. 

Enzymatic Hydrolysis of Acyl Phosphates—Both the acyl phosphates 
described here, as well as acetyl phosphate, were quickly dephosphorylated 
by homogenates or extracts of different rat tissues. The reaction was 
followed manometrically by measuring the displacement of CO, from a 
bicarbonate buffer. 

Since adenine nucleotides are required in the oxidation of pyruvic acid in 
both bacterial extracts (13) and in brain dispersions (14), in the oxidation 
of a-ketoglutarate in heart muscle preparations (15), in the oxidation of 
glyceraldehyde phosphate (16), and also in fatty acid oxidation (1), it would 
appear that the nucleotides may be required as obligatory phosphate ae- 











the 
ter. 
ind 
t to 


eT a- 
ms, 
vel 
‘ion 


| 37° 
and 
the 
was 
| by 
the 
ate. 





A. L. LEHNINGER 341 


ceptors for some intermediate compound formed in oxidation. At least 
this has been demonstrated in the case of a bacterial oxidation of pyruvate 
(13) and in glyceraldehyde phosphate oxidation (16). However, Ochoa 
has noted (15) that succinyl phosphate was rapidly dephosphorylated by 
his a-ketoglutaric dehydrogenase preparation in the absence of adenine 
nucleotide, making it seem unlikely that an obligatory transphosphorylation 
was involved in the need for adenine nucleotide in a-ketoglutarate oxida- 
tion, if succinyl phosphate is the actual intermediate in this oxidation. 

To test the assumption that a transphosphorylation to adenine nucleo- 
tide is required in the dephosphorylation of fatty acid phosphates, a saline 
extract of rat liver was very thoroughly dialyzed (inside and outside stir- 
ring) against several changes of saline at 4° for 4 days. The hydrolytic 
activity dropped about 45 per cent in this period, compared to an undial- 
yzed sample stored for the same length of time. The activity was almost 
completely restored by the addition of Mg**+. Adenylic acid or adenosine 
diphosphate did not stimulate the hydrolysis. Fluoride inhibited the 
hydrolysis, as was expected. This extract, as well as most tissue prepara- 
tions, dephosphorylated the acyl phosphates faster than adenosine triphos- 
phate. [xtracts of acetone powders of rat liver contained a potent acylphos- 
phatase but no adenosinetriphosphatase. The acylphosphatase activity 
was found to be quite resistant to acid, a treatment which inactivated 
completely phosphatase activity toward several other substrates. It would 
appear that a specific phosphatase for the acyl phosphate linkage is present 
in extracts of rat liver, and that the adenylic acid system is not involved in 
its action. 


SUMMARY 


1. Monopalmitylphosphoric acid and monooctanoylphosphoric acid 
(mixed anhydrides of phosphoric acid and the fatty acid) have been synthe- 
sized by the reaction of the proper acyl chloride with monosilver phosphate. 
The methods developed may be used in the synthesis of other higher fatty 
acid phosphates. 

2. Silver, calcium, barium, and strychnine salts of these compounds were 
obtained. 

3. The introduction of the phosphate group into the fatty acid molecule 
causes it to assume the properties of a much more soluble, more hydrophilic 
substance. 

4. The compounds are relatively unstable in aqueous solution, but are 
more stable than either acetyl phosphate or 1 ,3-diphosphoglyceric acid. 

5. Phosphatases present in mammalian tissues quickly hydrolyze the 
fatty acid phosphates. The adenylic acid system is not an obligatory 
phosphate acceptor in the dephosphorylation of the fatty acid phosphates. 
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THE EFFECT OF THE DIETARY LEVEL OF METHIONINE ON 
THE RATE OF TRANSMETHYLATION REACTIONS IN VIVO* 


By MILDRED COHN, SOFIA SIMMONDS, JOSEPH P. CHANDLER, anp 
VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical 
College, New York City) 


(Received for publication, November 29, 1945) 


During a study of the réle of methionine in transmethylation, we became 
interested in the influence of the dietary level of deuteriomethionine on the 
rate at which deuteriomethyl groups appear in the tissue choline and 
creatine. To investigate this point, a paired feeding experiment was set 
up in which diets free of choline and creatine and containing 0.7 and 1.4 per 
cent deuteriomethionine (CD;SCH:CH:CHNH:COOH) respectively were 
used. ‘Two pairs of young rats, each rat weighing about 65 gm., were 
placed on each of these diets for 7 days. At the end of this period, the 
animals were sacrificed and the choline and creatine of their tissues were 
isolated. Deuterium analyses indicated that the amount of isotope in the 
isolated compounds was dependent upon the amount of deuteriomethio- 
nine in the diet. The choline and creatine isolated from the tissues of the 
two rats fed the diet contaiming 1.4 per cent deuteriomethionine contained 
almost twice as much deuterium as the choline and creatine isolated from 
the tissues of their litter mates fed the 0.7 per cent deuteriomethionine 
diet. 

If the dietary level of deuteriomethionine had been without effect on the 
amount of deuterium found in the isolated choline and creatine, one could, 
of course, have concluded that the dietary level does not affect the rate 
of transmethylation. Unfortunately, the converse does’ not necessarily 
follow. The observed difference in the amount of deuterium which ap- 
peared in the choline and creatine at the two different dietary levels may 
be due to different isotopic concentrations of the methionine which 
participates in the transmethylation reaction rather than to different 
rates of transmethylation or even to a combination of both these effects. 
Since the procedures which have been worked out (1) for the determination 
of the deuterium content of tissue methionine are not quantitative, it was 
not possible to determine the actual deuteriomethyl content of the methi- 
onine in the tissues which would reflect to some extent the deuteriomethyl 
content of the methionine involved in the transmethylation reaction. 


* The authors wish to acknowledge a grant-in-aid by the Nutrition Foundation, 
Inc., which has contributed to the support of this investigation. 
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To distinguish between the possible alternatives necessitated another 
type of experimental approach. The following experiment was set up to 
eliminate the isotopic concentration of the methionine as a factor. 

Five adult male rats were fed deuteriocreatine for a 3 week period jp 
addition to their normal casein diet. The feeding of deuteriocreatine was 
then discontinued. Two of the rats were fed a diet which contained about 
0.7 per cent methionine in the form of casein, while the other three rats 
were fed the same amount of casein supplemented with sufficient dl-methj- 
f onine to bring the total methionine level to about 1.4 per cent. The rates 

i of disappearance of the deuteriocreatine at the two dietary levels of 
ordinary methionine were followed for 40 days by isolating samples of 
creatinine from the urine collected from each group at intervals. Sinee 
deuteriocreatinine excreted on a creatine-creatinine-free diet reflects 
directly the isotope content of tissue creatine (2), the changes in isotope 
concentration in the urinary creatinine were used here to follow the 
changes in tissue creatine throughout the experimental period. Finally 
the rats were sacrificed and creatine was isolated from the tissues of each 
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Synthesis of  Deuteriocreatine (CD;NCH,COOH)—Deuteriosarcosine 
hydrochloride (CD;NHCH,COOH-HCl) was prepared from deuterio- 
methyl iodide (2) and p-toluenesulfonylglycine by the method of Fischer 
and Bergmann (3). A solution of 4.4 gm. of this sarcosine hydrochloride 
in 14 ce. of water was treated with 4 ce. of concentrated ammonium 
hydroxide and 2.8 gm. of cyanamide dissolved in 10 cc. of water. The 
reaction mixture was allowed to stand at room temperature for 3 days, and 
the deuteriocreatine hydrate which crystallized was then filtered off. The 
creatine hydrate was recrystallized from water and dried to constant 
weight in an oven at 100° to convert it to deuteriocreatine. 2.84 gm. of 
the product were obtained. 


SES 


or 


Analysis—Calculated,'! N 31.60; found, N 31.73 


, Deuterium analysis showed 62.7 atom per cent deuterium in the methyl 
group. 


! Calculated values based on increased molecular weight due to deuterium in the 





i molecule. 
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Feeding of Deuteriomethionine at Two Different Levels—Four young female 
rats were placed on synthetic diets containing deuteriomethionine (2); 
one pair of rats received a diet containing 0.7 per cent deuteriomethionine 
and the other pair received a diet containing 1.4 per cent deuteriome- 
thionine. The deuteriomethionine contained 16.7 atom per cent deuter- 
jum in the methyl group. The diets were otherwise identical and had the 
following percentage composition: amino acid mixture (4) 21.3, dextrin 
25.7, sucrose 15.0, salt mixture (5) 4.0, agar 2.0, corn oil (Mazola) con- 
taining vitamins A, D, EF, and K (4) 30.0, and deuteriomethionine plus 
dextrin 2.0. In addition, each rat was given daily two 0.5 ec. portions 
of an aqueous solution of B vitamins having the following composition (in 


Tas.e | 
Paired Feeding Experiment with Deuteriomethionine 


Rats fed deuteriomethionine (16.7 atom per cent deuterium in the methyl group) 
for 7 days. 


| { 








;, : Sed et | Total _— choline _ creatine 
. Change in a : . . Jeuterium in uterium in 
Rat No. oo | deut thio- deuter thio-|  .. : . _ 
no" | Pedy weight |""pine im diet” |" nine ingested | Stloromstoare | sui pierte 
vd pan ee pur wend gm. atom per cent ; atom per cent 
1748 68-78 | 0.7 0.312 | 1.64+ 0.11 | 0.52 + 0.08 
1749 63-73 | 0.7 | 0.319 1.75 +0.17 | 0.60 + 0.09 
1750 67-69 | 1.4 0.546* | 2.49+0.10 | 0.76 + 0.09 
1751 65-75 | 1.4 0.623 | 3.03 + 0.09 | 0.89 + 0.08 





* For the first 6 days Rat 1750 ingested approximately the same amount of deute- 
riomethionine as Rat 1751, but, on the 7th day, the total food intake of Rat 1750 
was considerably below that of Rat 1751. 


mg. per | ce.): 0.02 each of thiamine chloride, nicotinic acid, pyridoxine 
hydrochloride, and riboflavin, 0.2 of dl-caleitum pantothenate, and 25 of 
choline-free ryzamin-B (6). During the 7 day experimental period, the 
food intake was controlled. The amount of deuteriomethionine ingested 
by each rat is givenin Table I. It should be noted that the amount of 
deuteriomethionine ingested by Rat 1750 was somewhat less than that 
ingested by Rat 1751, the other member of the pair. This was due to 
the fact that Rat 1750 ate considerably less than Rat 1751 on the final 
day of the experiment. 

After 7 days the animals were sacrificed and choline and creatine were 
isolated (2) from the tissues of each animal as choline chloroplatinate and 
creatinine potassium picrate respectively. The purity of the picrates was 
determined colorimetrically by the Jaffe reaction. 
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Analysis—Choline chloroplatinate 
Rat 1748. Calculated,' Pt 31.6; found, Pt 31.6 


“ 1749 . “ne, * «5.6 
“ 1750 " —— “ae 
“ 1751 “ “2 °° my 


All the isolated compounds were analyzed for deuterium and the results 
of these analyses are given in Table I. 

Feeding of Ordinary Methionine at Two Different Levels—Five male rats, 
weighing from 290 to 390 gm., were placed in individual cages arranged for 
urine collection and fed a casein diet having the following percentage 
composition: vitamin-free casein (Smaco) 20, salt mixture (5) 4, Crisco 19, 


Tas_e II 
Deuteriocreatine Experiment 
Rats fed 5 mg. per 100 gm. of body weight per day of deuteriocreatine (62.7 atom 
per cent deuterium in the methyl group) for 21 days prior to initial urine collection, 
Group A, two rats; Group B, three rats. 








| Days after last | Deuterium in material isolated 
deuteriocreatine | 
feeding; period —— wi tinct ntaige Ramanand , =a 
of urine Group A (0.7 per cent methionine Group B (1.4 per cent methionine 
collection diet) diet) 
atom per cent atom per ceni — 
Urinary 0-3 4.15 + 0.12 3.90 + 0.10 
creatinine | 4-6 4.00 + 0.12 3.94 + 0.14 
11-13 3.61 + 0.16 3.55 + 0.16 
18-20 | 3.14+ 0.13 3.08 + 0.12 
25-27 2.47 + 0.13 2.38 + 0.11 
32-34 2.14 + 0.18 2.10 + 0.10 
Tissue 40 | 2.06 + 0.07 (Rat 1) 2.01 + 0.10 (Rat 3) 
creatine 1.99 + 0.07 ( “* 2) 2.23 +0.10 ( * 4) 


~ 


.07 + 0.08 ( “ 5) 


corn oil (Mazola) 1, and sucrose 56. The fat-soluble vitamins were mixed 
in the diet and the water-soluble vitamins of the B complex were fed in 
aqueous solution, as described above. ‘To the aqueous vitamin solution 
was added sufficient deuteriocreatine (62.7 atom per cent deuterium in 
the methyl group) to give each rat 5 mg. per 100 gm. of body weight per 
day. This diet and vitamin supplement were fed for 3 weeks. The 
deuteriocreatine feeding then was discontinued and the rats were divided 
into two groups: Group A, with two rats, and Group B with three rats. 
Group A was continued on the 20 per cent casein diet, which contained 
approximately 0.7 per cent methionine. Group B was given the 20 per 
cent casein diet to which was added 0.7 gm. of methionine per 100 gm. of 
diet. Thus, Group B received a diet containing approximately 1.4 per 
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cent methionine. The rats were continued on these creatine-free diets for 
40 days, and the daily food intake was controlled in order that the rats in 
Group B should ingest at least twice as much methionine as did the rats 
in Group A. 

Urine was collected over the first 72 hours after the feeding of deuterio- 
creatine had been discontinued and then was collected over 48 hour periods 
at weekly intervals, as indicated in Table II. The urine collected from the 
rats in each group was pooled and the total urinary creatinine was deter- 
mined colorimetrically by the Jaffe reaction. ‘There was no significant 
difference between the amounts of creatinine excreted per 100 gm. of body 
weight by the rats in the two groups. Creatinine was isolated from the 
pooled urine as creatinine potassium picrate (7). 

On the 40th day after deuteriocreatine feeding had been discontinued, 
the animals were sacrificed, and the creatine was isolated from the tissues 
of each rat (2). The deuterium contents of all the isolated compounds 
are given in Table IT. 


DISCUSSION 


The use of data concerning the rate of appearance of one isotopic com- 
pound after the feeding of another isotopic compound for conclusions re- 
garding the rate of synthesis of the former is fraught with many difficulties. 
At best, one is measuring the difference between an over-all rate of for- 
mation and the rate of disappearance of the compound. Nevertheless, 
when the rate of appearance of deuterium in choline and creatine varies, 
with a variation in the dietary level of deuteriomethionine, as shown in 
Table I, at least one of the rate steps involved must depend upon the 
dietary level of methionine. 

As already pointed out in the introduction, the results of the paired 
feeding experiments with 0.7 per cent and 1.4 per cent deuteriomethionine 
diets respectively could not indicate which step or steps in the over-all 
series of reactions were dependent on the dietary level of methionine. 
Should it be the rate of transmethylation from the methionine of the body 
to choline and creatine which increases as the level of dietary methionine 
increases, it would follow that the amount of choline and creatine synthe- 
sized in a given period of time can be altered merely by changing the 
amount of methyl donor in the diet. Such a variation in rate of synthesis 
is particularly improbable for creatine because of the constancy of the 
total amount of creatine in the body and the concomitant constancy of 
creatinine excretion. The mere possibility of such an interpretation was, 
however, sufficiently startling in view of current theories to warrant the 
further investigation involved in the second series of experiments. 

Of course the other explanation, namely that the difference in the 
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amount of deuterium which appears in the choline and creatine at the two 
dietary levels of methionine is due only to the different rates of appearane 
of deuteriomethionine in the methionine which participates in the trans. 
methylation reactions, leads to a more orthodox interpretation. If this 
explanation is correct, then the deuterium content of the choline and 
creatine from the pair of rats fed the 1.4 per cent deuteriomethionine diet 
will, of necessity, be greater than that of the pair fed the 0.7 per cent diet, 
even though the rates of transmethylation remain the same. 

It is sometimes possible to choose experimental conditions such that 
the interpretation of data concerning rates is simplified and the necessity 
of introducing many assumptions is obviated. Such conditions are jj. 
lustrated in the experiment of Bloch, Schoenheimer, and Rittenberg (8) in 
their study of the rate of creatine synthesis. These authors followed the 
rate of disappearance of N" creatinine from the urine of rats after the 
feeding of N™ creatine had been discontinued. Since it had been shown 
that (a) the total amount of creatine in the animal body remains constant, 
(b) the nitrogen of creatine does not participate in any further anabolic 
reactions, and (c) the rate of excretion of creatinine remairs constant, 
then the rate of disappearance of isotopic creatine is equivalent to the rate 
of synthesis of creatine. 

Unfortunately, in the case of choline, it is not possible to study the rate 
of synthesis, z.c. the rate of methylation of ethanolamine, directly as in 
the case of creatine. To follow the rate of synthesis by labeling the methyl 
group is impossible since transmethylation from methionine to choline is 
reversible. Nor is it possible to follow the rate of synthesis with N", for, 
although the total amount of choline apparently remains constant even in 
choline deficiency (9, 10), the rate of choline degradation is not known to 
remain constant. 

Since the methyl group of creatine, unlike that of choline, does not enter 
any further transmethylation reactions (11), it is possible to study the 
rate of transmethylation to creatine in a manner analogous to the N® 
study with creatine (8), simply by following the rate of disappearance of 
deuterium from tissue creatine which has been labeled by the feeding of 
deuteriocreatine. By the use of this technique, the effect of various 
factors on the rate of transmethylation to creatine may be investigated. 
In particular, the effect of different dietary levels of methionine on the rate 
of creatine synthesis could be followed. 

If the rate of creatine formation does increase with the increase in the 
dietary level of the precursor of the methyl group, deuteriocreatine should 
disappear more rapidly from the tissue creatine of the three rats fed the 
larger amount of methionine. This was not the case. As shown in Table 
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lI, there was no difference between the two groups with respect to the 
deuterium content of the urinary creatinine samples isolated at any given 
time during the 40 day experimental period. Nor was there any difference 
between the two groups in the deuterium content of the tissue creatine 
samples isolated at the end of the experimental period. Furthermore, 
quantitative creatinine determinations on the urines from the two groups 
showed that the same amount of creatinine was being excreted per 100 gm. 
of body weight by both groups. It may be concluded, therefore, that the 
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Fic.1. A comparison of the rates of disappearance of the isotope in urinary 
creatinine obtained after feeding deuteriocreatine and N™ creatine respectively. 
O, atom per cent deuterium in urinary creatinine, Group A; A, atom per cent deute- 
rium in urinary creatinine, Group B; @, atom per cent N“ excess in urinary creati- 
nine (8). 


rate of transmethylation to creatine, at least in the adult rat, is indepen- 
dent of the dietary level of methionine. 

As stated above, our experiment with deuteriocreatine was similar to 
that of Bloch and coworkers (8) in that the tissue creatine was labeled by 
the feeding of isotopic creatine and the disappearance of the isotope from 
the urinary creatinine was followed. Whereas deuteriocreatine was used 
in our laboratory, Bloch, Schoenheimer, and Rittenberg used creatine 
containing N°. It is now possible to compare these two independent sets 
of data dealing with the rate of disappearance and simultaneous synthesis 
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of tissue creatine. In Fig. 1, the N™ concentrations of creatinine samples, 
obtained after the feeding of isotopic creatine had been discontinued (8), 
have been plotted for comparison with the deuterium concentrations of the 
creatinine samples obtained in our experiments summarized in Table II, 
The half time arrived at from the N“ data was 29 days, while that from the 
present data is approximately 36 days. Although these are not in com- 
plete agreement, they are of the same order of magnitude and probably 
indicate an experimental variation rather than a different metabolic fate of 
the methyl and guanidoacetic acid portions of the creatine molecule. 


SUMMARY 


A paired feeding experiment was carried out with immature rats on diets 
containing 0.7 or 1.4 per cent deuteriomethionine (CD;SCH:CH.:CHNE,- 
COOH). Analysis of the tissue choline and creatine indicated that the 
deuterium content of these tissue constituents is dependent upon the 
amount of deuteriomethionine ingested. 

After tissue creatine had been labeled with deuterium by the feeding of 

NH, 


C=NH 


deuteriocreatine (CD;NCH;COOH), creatine-free diets containing 0.7 or 
1.4 per cent ordinary methionine were fed to two groups of adult rats. 
The deuterium content of the creatinine isolated at intervals from the 
urine of each group was determined. The level of methionine in the diet 
was found to have no effect on the rate at which deuterium disappeared 
from the urinary creatinine. 

It was concluded that the rate of methyl transfer from methionine is not 
proportional to the level of methionine in the diet. 


The authors wish to thank Dr. J. R. Rachele of this laboratory for 
carrying out the microanalyses and also Miss Miriam Thompson and Mrs. 
Martha Gerrard for their assistance in this investigation. 
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THE ULTRAVIOLET IRRADIATION OF QUININE 
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Although various investigators have recognized that the exposure of 
dilute solutions of cinchona alkaloids to light of short wave-lengths destroys 
the alkaloidal structure, neither the nature of this photochemical reaction 
nor its products have been established. The conclusions have been con- 
troversial in many respects. In one case (16) it was stated that the rate of 
reaction is reciprocally related to the concentration of oxygen in the solu- 
tion, whereas in another (4) the presence or absence of oxygen was said to 
have no effect. Contradictory claims regarding the change of the pH of 
the solution during irradiation have appeared (4,9). Others (6, 8, 14, 15) 
have suggested that an isomerization of quinine to quinotoxine is the result 
of the irradiation of this cinchona alkaloid. It has been established that 
this isomerization does occur to some extent when the alkaloid is dissolved 
in one of a number of organic acids and irradiated (2). Still another inter- 
pretation is that a dimerization takes place through the vinyl group on 
each of 2 molecules (4). 

The objectives of this investigation have been the definition of the+pho- 
todecomposition of quinine, under specified conditions of irradiation, by 
analytical methods which have not been applied heretofore and the bio- 
logical evaluation of the irradiation products by a determination of their 
antimalarial activity. The results of the latter constitute a separate re- 
port. Certain conclusions have evolved which are incidental to the pri- 
mary objectives and which bear on some of the controversial claims that 
have been previously cited. 

EXPERIMENTAL 


Irradiation with Direct Sunlight 


Solutions—Quinine dihydrochloride, which had been dried to constant 
weight in vacuo over phosphoric anhydride and shown to be pure by a 
determination of its specific rotation (1), was used in the preparation of a 
stock solution which contained 25 gm. of quinine as the free base per liter 
of the aqueous salt solution. Standard solutions, each of which contained 


* Present address, Department of Chemistry, Queens College, Charlotte, North 


Carolina. 
1 Kyker, G. C., McEwen, M. M., and Cornatzer, W. E., unpublished data. 
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5 mg. of quinine per ml. in 0.0005 Nn NaOH, water, and 0.030, 0.060, 0.125, 
0.250, 0.500, 1.00, and 2.00 n HCl, were prepared by dilution of 100 ml. of 
the stock to 500 ml. with the calculated volume of 0.1 N NaOH and alcohol, 
water, or HCl of convenient normality and water. The standard with an 
alkaline reaction was prepared in 50 per cent alcohol in order to maintain 
complete solution of the free base. From each standard, ten serially num- 
bered containers were filled and tightly stoppered. The containers con- 
sisted of 50 ml. Pyrex flasks with rubber stoppers and clear soft glass vials 
with paraffined cork stoppers. Each of the two kinds of containers was 
arranged alternately throughout the series. 

Trradiation—With the exception of one from each series which was stored 
in a dark cabinet to serve as a control, all flasks and vials were placed out- 
side on the sills of south windows. The location provided direct sunlight 
at practically all hours of the day. Daily irradiation was continuous for 
each until the time of its removal from sunlight for analysis. An hourly 
record of bright sun was kept for exposures of 10 days or less and cloudy 
intervals were disregarded. The accumulation of 10 hours of bright sun 
was recorded as 1 day. Exposures in excess of 10 days were recorded 
according to the calendar. 

Observations—A member frem each series was removed simultaneously 
at consecutively greater intervals of exposure as follows: 0.5, 1.0, 3.0, 10, 
35, 105, and 275 days. Each solution was analyzed routinely by three 
procedures and the result for each procedure was expressed in percentage of 
the driginal concentration of quinine which the solution contained before 
irradiation. 

A 1 ml. sample of the irradiated solution was placed by pipette in a 250 
ml. volumetric flask and diluted to the mark with the calculated amount of 
dilute standard HCl and water so that the resulting solution contained 
0.030 n HCl. An Evelyn photoelectric colorimeter was used to analyze 
this diluted solution of the irradiated quinine according to the procedure by 
Kyker, Webb, and Andrews (11) for the estimation of quinine. Determi- 
nations were made both before and after samples were subjected to con- 
tinuous ether extraction. Triplicate samples were determined in every 
case. The direct estimation of quinine was carried out by pipetting 2 ml. 
samples of the solution into each of three colorimeter tubes, adding 8 ml. of 
0.030 x HCl, mixing, preparing a silicotungstate turbidity, and measuring 
the density of the turbidity in the manner which is described under macro- 
procedure in the above method. In the event that no chemical changes 
resulted from the irradiation, the density of the turbidity should correspond 
to a concentration of 4 mg. of quinine per liter. The alternate procedure 
for the analysis of this diluted solution consisted of placing a 7 ml. sample 
in a continuous extractor, rendering it alkaline with 3 ml. of 0.1 N NaOH, 
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and dissolving the ether-extractable material in 35 ml. of 0.030 x HCl from 
which solution three 10 ml. samples were taken for the final estimation. 
The dilution factor is of the same order as that which is prescribed in the 
first procedure and a concentration of 4 mg. of quinine per liter would be 
indicated for samples containing unchanged quinine. 

The specific optical rotation was determined for each of the irradiated 
solutions. All determinations were made with a Schmidt and Haensch 
half shadow polarimeter which reads to +0.01°. Monochromatic D light 
from an electric sodium vapor lamp was employed and all readings were 
made at 28° + 1°. 


Irradiation with Ultraviolet Lamp 

Solutions—The following solutions were prepared and irradiated: quinine 
dihydrochloride in 2.00 N HCI, 2 and 6 gm. per liter; quinine sulfate dihy- 
drate in 0.100 n H,SO,, 6 gm. per liter; and quinidine sulfate in 0.100 n 
H,SO,, 0.02 gm. per liter. 

Irradiation—A 125 watt mercury are lamp? with a 1} inch quartz fila- 
ment was used in all cases. The solutions were irradiated in a disk-shaped 
quartz cell (dimensions, 9 mm. thickness, 72 mm. diameter), equipped with 
a quartz stopper, which was placed across the path of radiation at a hori- 
zontal distance of 12 inches from the filament. The heat from the lamp 
kept the cell and contents at 30-32° during operation. No forced ventila- 
tion was provided. In each experiment, the cell was filled to its capacity, 
placed in the path of radiation, and at specified intervals 1 ml. samples 
were removed for analysis. 

Observations—The samples were diluted to an appropriate concentration 
of the alkaloid in 0.030 n HCl or 0.100 nN H.SO,, from which aliquots were 
analyzed by one or more of four procedures. Two of these procedures were 
similar to the silicotungstate turbidimetry which is described above for the 
products of sunlight irradiation. The other two employed the fluorescence 
of the sulfate of the alkaloid, which was measured on samples before and 
after extraction. The instrumentation consisted of a Coleman electronic 
photofluorometer. The extraction which was applied before either the 
turbidimetric or fluorometric determination was a continuous process 
with chloroform (12) rather than the previously used continuous ether 
extraction. 

DISCUSSION 

Observations on the solutions which were irradiated by sunlight are pre- 

sented in Fig. 1. An evaluation of the stability of these solutions depends 


* The lamp which was used is an Alpine Sun Burner type, a standard model, con- 
structed by the Hanovia Chemical and Manufacturing Company, Newark, New 


Jersey. 
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Fia. 1. The irradiation of quinine by sunlight. Within each column the hori- 
zontally hatched, the solid, and the 60° hatched posts represent respectively the 
data from determinations by direct silicotungstate turbidimetry, by ether extraction 
and silicotungstate turbidimetry, and by polariscopic measurements. The columns 
resting on solid pillars pertain to solutions which were irradiated in Pyrex containers, 
and those resting on open pillars pertain to soft glass containers. S signifies con- 
tinuous exposure to sunlight and D signifies continuous storage in a dark cabinet. 
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considerably on the method of analysis which is chosen to evaluate the 
concentration of the irradiated solution in terms of the original concentra- 
tion of quinine. Polariscopic measurements reflect the least change of all 
the methods which were used. These measurements couldnot be made on 
any of the solutions which were irradiated longer than 35 days, because 
the discoloration which accompanied photodecomposition became so in- 
tense that reliable readings were impossible. Two of the solutions (0.500 Nn 











° 
ca 








IN PERCENTAGE 
@ 
2) 





a 
°o 














40 








20 


APPARENT QUININE 




















i?) 4 i i 4. i 
10] 10 20 30 40 50 


HOURS OF IRRADIATION 





Fic. 2. Ultraviolet irradiation of quinine in 2 nN HCl by the mercury are lamp. 
The curves represent the same irradiation product and correspond respectively to the 
following analytical methods and treatments which were employed: broken line and 
single circles, direct turbidimetry; solid line and double circles, turbidimetry of 
material extractable with chloroform; solid line and single circles, fluorometry of 
material extractable with chloroform. 


and 1.00 x hydrochloric acid) showed a large increase in the apparent qui- 
nine content after 35 days exposure. These are represented by broken 
posts in Fig. 1; the observed rotation was equivalent in each case to 133 
per cent of the unexposed quinine. Considerable destruction of quinine 
was shown in all of the solutions by silicotungstate turbidimetry both when 
this method was applied directly to the irradiated solutions and when the 
alkaloidal components were separated previously by extraction. 

Each of the analytical procedures indicated more decomposition in the 
dilute sodium hydroxide solution than in any of the other solutions. The 
increase in the stability of the alkaloid in 0.030 N acid over that in 0.0005 N 
alkali was pronounced. The stability continued to increase with the con- 
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centration of the acid to 0.060 ‘, declined slowly to 0.250 N acid, and 
rapidly to 2.00 ~ hydrochloric acid. 

In the higher concentration of acid in which the decomposition is more 
pronounced, the quantitative progression of the reaction is smoother when 
those samples which were in Pyrex containers are considered as a series and 
compared with the series of samples in the soft glass containers. The soft 
glass showed more opacity to the effective wave-lengths of light from 
the sun. 

The samples in the various acid solutions which showed no significant 
change in quinine content by any of the methods of analysis did undergo 
some chemical reaction. The basis for this claim is the discoloration which 
appeared very early during the irradiation and gradually became quite 
intense before any significant change could be confirmed by analysis. A 
yellow or amber color appeared first in the solutions of both high and low 
acid concentrations. The intermediate solutions first showed a pink color, 
The former progressed to a brownish turbid state and the latter to a deep 
wine-red color. The control samples which were stored in the dark re- 
tained both their original appearance and their original content cf quinine, 
as measured by each of the analytical methods. 

The use of an artificial source of irradiation provided a more quantita- 
tive means of treatment, a more rapid rate of decomposition, and results 
which are qualitatively similar to those from irradiation by sunlight. 
These results which are presented in Fig. 2 were derived from a study of 
solutions which contained 2 gm. of quinine dihydrochloride, as the free 
base, in 2.00 N hydrochloric acid. These solutions contained the same 
amount of acid and 40 per cent as much quinine as the solution which 
underwent the greatest change by exposure to sunlight. Any differences 
in the observations of the artificially irradiated solutions which depend on 
the analytical procedures are small when turbidimetric analyses, before and 
after extraction of the alkaloidal components with chloroform, are com- 
pared. The divergence of the two curves in Fig. 2 which provide this 
comparison is greater beyond 20 hours irradiation, however, than the com- 
bined error of the two methods. By fluorometric analysis the concentra- 
tion of quinine decreases almost linearly and more slowly than _ by tur- 
bidimetry. Polariscopic measurements were made but are not included 
in Fig. 2 because they indicated only slight changes in the composition of 
the solutions. After as much as 50 per cent of the quinine was shown to 
be decomposed by turbidimetry, there remained from 96 to 100 per cent 

of the original quinine according to polariscopic determinations. In sharp 
contrast to the discoloration which was displayed so prominently in the 
irradiation products of sunlight, very little discoloration appeared during 
artificial irradiation. During the period of longest exposure to the lamp, 
the color did not progress beyond a faint yellow. 
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When the results of the same analytical procedure are compared for the 
two sources of radiation, the ultraviolet lamp was quantitatively more 
eflective under the conditions of the experiments. The degree of decom- 
position which was found by turbidimetry after 48 hours exposure to the 
jamp through quartz was equivalent to that of at least 100 days of sun- 
light through glass. The effect of the composition of the containers for 
the irradiated solutions on photodecomposition is explained by a correla- 
tion of the spectral transmission of quinine (5, 13) and of soft glass, Pyrex, 
and quartz (3), since only the last transmits freely those wave-lengths 
which are absorbed by the alkaloid. 

The results of other experiments on the irradiation of quinine by a mer- 
cury arc lamp are summarized in Table I. These results provide a com- 
parison of the effect of a change in the concentration of quinine and in the 

















TABLE I 
Irradiation of Quinine Sulfate and Quinine Dihydrochloride with Quartz Mercury Are 
Lamp 
arr tical methods and eaten, epouiint quinine 
Turbidimetry of  silicotungstates F besocebbtey 
Exposure : Pr . — ‘i 
} Direct, no extraction revious ¢ “J Direct Extraction 
| Hydrochloride Sulfate Hydrochloride | Sulfate Hydrochloride 
hrs. | per cent per cent per cent per cent per cent 
0 102.3 105.3 | 100.0 
12 54.2 54.8 100.0 
24 51.0 45.0 | 56.4 6.6 | 
36 | 48.7 41.3 42.8 | 96.2 
48 a toe ea eee 96.0 


! 


composition of the acid which serves as the solvent. Both the ie 
ride and the sulfate which are recorded in Table I contained 6 gm. of the 
alkaloid as the free base in 2.00 N hydrochloric acid and 0.100 N sulfuric 
acid respectively. When compared turbidimetrically the hydrochloride 
solutions which are described both in Table I and in Fig. 2 decompose at 
approximately the same rate, although the concentration of quinine in the 
former is 3 times that of the latter. The same conclusion is reached if the 
sulfate and hydrochloride are compared. Little or no significant difference 
in the rate of decomposition of the sulfate and hydrochloride is shown in the 
data of Table I when the comparison is made on either a fluorometric or a 
turbidimetric basis, although the two different acids are used at extremely 
different concentrations. The two hydrochloride solutions which are com- 
pared above by turbidimetric analysis do show a difference in their rate of 
decomposition by a fluorometric comparison, the more concentrated 
solution showing less decomposition during a specified period of irradiation, 
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The irradiation of quinidine, 20 mg. per liter in 0.1 N sulfuric acid, was 
shown by fluorometric analysis to contain 60, 44, and 31 per cent of the 
original quinidine after 1, 2, and 3 hours exposure respectively to the mep. 
cury are lamp. This is much more rapid than the decomposition of quinine 
in the same acid. This is attributed to the extreme difference in the cop. 
centration of the quinine and quinidine solutions, since the rate of photode- 
composition of quinine is influenced by its concentration when the change 
is followed fluorometrically. 

A chemical interpretation of the nature of the decomposition is difficult 
when one compares the results which were obtained by the fluorometric 
and turbidimetric procedures. Although the latter is the less specifie of 
the two methods, its validity has been established for quinine in the absence 
of interfering substances (10). Therefore, this method indicates reliably 
the maximal but not the minimal amount of quinine per se which remains 
in the irradiated solutions, since some reaction product of quinine may also 
respond along with any quinine which may remain. The properties of the 
fluorescent cinchona alkaloids and their derivatives suggest that few strue- 
tural changes can occur without the loss of fluorescence (7). The results 
impose, however, the conclusion that the reaction product of quinine retains 
the more specific property of fluorescence to a greater degree than it retains 
the less specific property of precipitation with an alkaloidal reagent. This 
conclusion does not include isomerization to quinotoxine which has no 
fluorescent properties and which does yield a silicotungstate turbidity. 

Similar to our experience, Dietzel and Sollner (4) did not observe quanti- 
tative agreement between their methods of analysis of the solutions which 
they irradiated. They followed the reaction during irradiation by measur- 
ing the changes in the optical rotation and the boiling point elevation of the 
solution. As nearly as the conditions of their experiments can be correlated 
with those of ours, the changes in rotation are in general agreement. Their 

conclusion that a dimerization of the quinine molecule is brought about by 
ultraviolet irradiation is invalidated, however, by a recalculation of the 
data from their determination of boiling points. The decreasing effect 
of the solute on the elevation of the boiling point, which they determined 
at intervals of 3 hours during 12 hours exposure to a mercury lamp, is 4 
times as great as the constant for water allows even if all solute particles 
had been removed from the original solution of quinine which they used. 

No supposition can be offered from the evidence which is available at 
present that accurately describes the reaction which quinine undergoes 
during irradiation or the products which it yields. 

SUMMARY 

A quantitative study has been made of the photodecomposition of qui- 
nine, which occurs during its irradiation by sunlight and by an ultraviolet 
lamp under specified conditions. 








rgy 





Was 
“the 
ner- 
nine 
rOn- 


nge 


mult 
trie 
: of 
nce 
bly 
ins 
Iso 
the 
le- 
Its 
ins 


nis 


no 











KYKER, CORNATZER, AND MCEWEN 361 


Different analytical tools have been employed in following the photo- 
chemical reaction which quinine undergoes. 

The influence of the concentration and the composition of the acid in 
which the alkaloid was dissolved during irradiation has been evaluated. 

The photodecomposition of quinidine has been compared with that of 


quinine. 


The authors acknowledge and express their appreciation to the Samuel 
S, Fels Fund for providing the support which made this work possible. 


BIBLIOGRAPHY 


1. Andrews, J. C., and Webb, B. D., Ind. and Eng. Chem., Anal. Ed., 18, 232 (1941). 
2. Biddle, H. C., J. Am. Chem. Soc., 34, 500 (1912). 

3. Brode, W. R., Chemical spectroscopy, New York (1943). 

4. Dietzel, R., and Sollner, K., Pharm. Ztg., 75, 955 (1930). 

5. Dobbie, J. J., and Fox, J. J., J. Chem. Soc., 101, 77 (1912). 

6. Giordani, K., Ann. chim. appl., 18, 239 (1928). 

7. Henry, T. A., The plant alkaloids, Philadelphia (1939). 

8. Hesse, O., Ann. Chem., 166, 273 (1873). 

9. Krantz, J. C., and Carr, C. J., J. Am. Pharm. Assn., 19, 32 (1930). 

10. Kyker, G. C., and Lewis, D. P., J. Biol. Chem., 157, 707 (1945). 

ll. Kyker, G. C., Webb, B. D., and Andrews, J. C., J. Biol. Chem., 189, 551 (1941). 
12. McEwen, M. M., Dissertation, University of North Carolina (1944). 

13. Mead, J., and Koepfli, J. B., J. Biol. Chem., 154, 507 (1944). 

14. Pasteur, L., Compt. rend. Acad., 37, 110 (1853). 

15. Seoville, W., J. Am. Pharm. Assn., 4, 590 (1915). 

16. Weigert, F., J. Chem. Soc., 102, 1120 (1912). 
































IDENTIFICATION BY DISTRIBUTION STUDIES 
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(Received for publication, December 8, 1945) 


It was recently reported by Kurung (1) that the mold Aspergillus ustus 
produces a substance which inhibits in vitro the growth of both Mycobac- 
terium tuberculosis and Mycobacterium ranae. Kurung further noted that 
the active principle could be extracted with ether and other organic sol- 
vents from the medium on which the mold was cultured. The problem 
of further purification and isolation of the active substance or substances 
present in the extract has been undertaken in this laboratory. 

An excellent opportunity was thus offered to test the practicability of 
the use of the recently devised ‘‘counter-current distribution” technique 
(2, 3) for the isolation of biologically active principles from such crude 
preparations as the one at hand. The possibilities and particular advan- 
tages of this method in the isolation, characterization, and proof of homo- 
geneity of an unknown substance, whether an active principle or other- 
wise, have been previously pointed out (2) and do not require repetition 
here. The initial experiments with the method in attacking the present 
problem met at once with sufficient success to warrant, in our estimation, 
publication of the results, even though they are at present only of pre- 
liminary character. 

As set forth in the previous publications (2, 3), the only requisites for 
the application of the method are, first, that the substance must have such 
solubility relationships that it can be distributed between two immiscible 
liquids (or a liquid-solid system (4)) in equilibrium so that the effective 
partition coefficient is not too far removed from one, and, second, that a 
method of quantitative estimation, biological or chemical, must be avail- 
able. Little difficulty was experienced in the present case of satisfying 
these requisites. 

In the beginning, the amount of substance present was estimated by 
its antibiotic activity, but this was soon replaced for the more quantitative 
work by an extinction coefficient obtained with the Beckman ultraviolet 
quartz spectrograph at a favorable wave-length. The latter method of 
analysis was possible when a correlation between absorption spectrum and 
antibiotic activity had been established through the data obtained in a 
preliminary distribution. Cyclohexane and buffer were the two immisci- 
ble phases which gave a partition coefficient within a suitable range. 

363 
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The mold! was cultured at 27-28° on shallow layers (about 200 ml.) of 
Czapex-Dox medium containing 4 per cent glucose and 0.1 per cent Baeto 
yeast extract. Between the I4th and 16th days after inoculation, each 
culture, including both the mold and the medium, was extracted twice 
with 2 volumes of ether, and the ether was removed by distillation in vacup 
at room temperature. Approximately 150 mg. of vellow, gummy residye 
were obtained from each culture. The ether residue was dissolved jp 
phosphate buffer in the range of pH 11. Acidification of this alkaline go- 
lution yielded a light yellow flocculent precipitate which was washed with 
water and dried in vacuo. The antibiotic activity of this crude residue, 
the acid precipitate and the fractions isolated from it by the counter. 
current distribution method, was estimated by the use of .W/ ycobacterium 
ranae,? which was cultured at 38° in a thin film on 15 ml. of Long’s liquid 
medium in small Blake bottles. This organism was found to be useful in 
preliminary tests because its rapid rate of growth permitted a result to 
be read in 24 hours. 

The ether residue caused complete inhibition of the growth of Myco- 
bacterium ranae at a dilution of 1:150,000 and perceptible inhibition at 
1:750,000. ‘Tests of the activity of the acid precipitate showed complete 
inhibition at a dilution of 1 :300,000 and perceptible inhibition at 1: 1,500,000. 
The filtrate remaining after separation of the acid precipitate contained 
no growth-inhibiting substances. 

The acid precipitate was readily soluble in 0.1 N NaOH, ethanol, acetone 
ether, and benzol, somewhat less soluble in cyclohexane, and practically 
insoluble in water and 0.1 N HCl at room temperature. The material was 
rendered largely inactive by heating for 10 minutes at 100° in 0.1 N NaOH. 
The absorption curve of the material (0.40 mg. per ml. of ethanol) showed 
no definite bands but did show a plateau between 2500 and 2700 A with an 
extinction of 9.5. Preliminary tests showed that a distribution coefficient 
of 1, as determined by direct analysis at 2600 A, could be obtained when 
the acid precipitate was distributed between cyclohexane and 0.2 m 
Na,P,O; buffer containing 0.25 equivalent of H,SO, (pI 8.31). An eight 
plate counter-current distribution analysis (3) with 9.6 mg. of acid pre- 
cipitate and the above two phases demonstrated that the antibiotie 
activity closely followed the extinction observed at 2600 A in each of the 
cyclohexane layers and further indicated that there were at least two 
biologically active substances in the starting material. 

A more detailed study of the acid precipitate was then carried out as 


1 The strain of Aspergillus ustus isolated by Mr. Kurung of the New York State 
Hospital for Incipient Pulmonary Tuberculosis, Ray Brook, New York, was kindly 
provided by him for the present experiments. 

* American Type Culture Collection, No. 110. 




















ee ee ss 


_ 





a= & > 


le 
y 


Ss a rh 


t 


he 
: 























G. H. HOGEBOOM AND L. C. CRAIG 365 


follows: 50 mg. of the material, distributed between 8.0 ml. of cyclohexane 
and 8.0 ml. of the pyrophosphate buffer, were subjected to a twenty-four 

te run in a machine similar to that described by Craig (2). After 
completion of the run, the material dissolved in the buffer of each tube was 
transferred to the cyclohexane layer by acidification and shaking. The 
amount of material in each tube was then estimated spectroscopically at 
2600 A, the solution evaporated to dryness, and the residue tested for 
antibiotic activity. The results of this experiment are shown graphically 
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Fig. 1. Distribution of acid precipitate. @ = experimental values; O = caleu- 
lated distribution for partition coefficient of 0.58; O = calculated distribution for 
partition coefficient of 7.6; + and — refer to biological activity at equal dilution, ¢.g., 
(++++) indicates complete inhibition of growth. 


in Fig. 1. In this curve the extinction, a figure directly proportional to 
the weight or amount, is plotted against the consecutive number of the 
tube. As can be seen, the antibiotic activity coincided with the two peaks 
obtained by spectroscopic estimation. Moreover, the shape of the first 
band (Tubes 4 to 14) and its close agreement with that of the theoretical 
distribution of a pure substance with the same partition coefficient indi- 
eated the presence of a homogeneous compound. A crystalline residue 
was present in the tubes of this band after removal of the cyclohexane. 
When recrystallized from an ether-cyclohexane mixture and dried, this 
substance (Compound T) appeared in heavy square plates and melted at 
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185-187° (hot stage). The melting point did not change on recrystal- 
lization. On analysis, it was found not to contain N, 8, or OCH; (C 53.37, 
H 3.64). An approximate molecular weight of 350 was obtained by the 
Rast method in camphor, but this value must be taken with reservation, 
particularly because of the numerous oxygens as indicated from the carbon 
and hydrogen analysis. The substance was found to be an acid and gaye 
a neutralization equivalent approximating 250 by direct titration in dilute 
alcohol against phenolphthalein with 0.1 Nn NaOH. The absorption 
spectrum was characteristic with a maximum at 3250 A and seemed to 
indicate an aromatic nucleus. The crystals showed approximately the 
same degree of antibiotic activity as did the acid precipitate, causing com- 
plete inhibition of the growth of Mycobacterium ranae at a dilution of 
1:300,000 and perceptible inhibition at 1:1,500,000. The small amount of 
oily residue obtained from the mother liquor after recrystallization of 
Compound I was less than one-fourth as active as the pure substance. 

The asymmetrical appearance and width of the second band in Fig. | 
(Tubes 16 to 24), when compared with the theoretical, indicated that more 
than one substance was present. Moreover, attempts to obtain crystalline 
material from these tubes without further distribution were unsuccessful, 
except in the case of Tube 18, which yielded approximately 0.5 mg. of 
crystals melting at 212-215°. The fact that the components of this band 
were caused to migrate slightly by the buffer but, in general, tended to 
remain in the cyclohexane layer, made it probable that a separation would 
be effected by a more alkaline buffer. Accordingly, further study of this 
mixture and, simultaneously, the isolation of the larger amount of Com- 
pound I were accomplished as follows: First, a twelve plate counter-current 
distribution was carried out with 160 mg. of acid precipitate, 30 ml. of 
cyclohexane, and 30 ml. of pyrophosphate buffer, pH 8.31. This run 
was made with separatory funnels (3). <A total of 50 mg. of pure Com- 
pound I was isolated from the tubes which formed the symmetrical band. 
The remaining biologically active material, which migrated only slightly 
with the buffer and which corresponded to the asymmetrical band of Fig. 
1, was collected. This latter material was then subjected to a machine run 
of twenty-four plates, utilizing the phases cyclohexane and 0.2 M Na,Ps0; 
buffer at a pH of 8.66. The results of this analysis are shown in Fig. 2. 
12 mg. of a crystalline substance, appearing in rosettes of fine needles, 
melting at 214-216°, and very similar to Compound I in solubility charac- 
teristics, were isolated from Tubes 10 to 19 of the symmetrical band (C 
58.02, H 4.19).* The molecular weight obtained by the Rast method in 


2 Since this paper was sent to press, surprising chlorine analyses of 22.63 and 
16.84 for Compounds I and II, respectively, have been obtained. Formulations Of 
Ca HyrClyOg and CoH) sClO, are thus suggested. 
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camphor approximated 330. A type of absorption spectrum similar to 
that of Compound I was found. 

The second pure substance, Compound II, completely inhibited the 
growth of M ycobacterium ranae at a dilution of 1: 100,000 and caused per- 
ceptible inhibition at 1 :6,000,000. It thus appeared to be somewhat less 
active than the acid precipitate in inducing complete inhibition of growth, 
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Fic. 2. Distribution of material corresponding to that present in Tubes 16 to 24 
of Fig. 1. 


but apparently caused slight but perceptible inhibition at dilutions beyond 
the activity range of the acid precipitate. 

Tubes 22, 23, and 24 (Fig. 2) contained material only partially crystal- 
line but possessing a considerable amount of antibiotic activity, a finding 
which demonstrated that in addition to Compounds I and IT the original 
acid precipitate contained at least one other active substance. The 
results of a study of the third fraction and the further characterization of 
Compounds I and IT, particularly in regard to their toxicity and effect. on 
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Mycobacterium tuberculosis and other organisms, will be reported in the 
near future. 

The present experiments thus demonstrate the practical value of 
counter-current distribution in this or any similar study to which the 
principle may be applied. Perhaps the most important advantages of 
the method are the following and are worth repeating here (2, 5,6). (1) 
In empirical work, the method quickly gives a general analysis of the prob- 
lem. This includes an estimate of the number of active principles or 
substances, their relative amounts, their differences in terms of partition 
coefficients, and the advisability of proceeding further along the same line, 
This information allows one to move logically from one step to the next 
with little waste of time or effort. (2) The method often effects sharp 
separation, usually in excellent yield of substances which are very similar 
in properties and otherwise difficult to separate. (3) It does not involve 
drastic chemical procedures which would be liable to result in the decom- 
position of labile material. In the present study the material was never 
subjected to a temperature higher than 40°. (4) It minimizes the chances 
of losing an important substance which is present in very small amount. 
(5) The symmetry or shape of an observed band provides criteria of homo- 
geneity at the same time the fractionation is made. (6) The partition 
coefficients offer physical constants at once useful for identification and 
characterization. 

It is our intention to apply the method of counter-current distribution 
to the isolation of other active principles of biological interest as op- 
portunity presents itself. We also are further developing the theory and 
will attempt to devise practical improvements in the technique as well. 


SUMMARY 

1. Two crystalline antibiotics and a third partially crystalline active 
fraction have been isolated by means of ‘“‘counter-current distribution” 
from a crude extract of the mold, Aspergillus ustus. 

2. The comparative ease with which the fractionation was made demon- 
strates the usefulness of counter-current distribution in the examination of 
crude mixtures and for the final isolation and characterization of the 
substances or active principles present. 
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THE EFFECT OF CERTAIN EXPERIMENTAL CONDITIONS ON 
THE FORMATION OF THYROXINE FROM DITODOTYROSINE* 


By E. P. REINEKE anp C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 


(Received for publication, November 16, 1945) 


The formation of thyroxine from diiodotyrosine when incubated for 2 
weeks in a mildly alkaline solution at 37° was first reported by von Mutzen- 
becher (1). Subsequent investigators (2-4), using essentially the same 
method of incubation, obtained very similar results. Harington (5) stated 
that increased vields of thyroxine could be obtained at steam bath tempera- 
tures by the addition of hydrogen peroxide and constant shaking with 
n-butanol to extract the thyroxine as it is formed. ; 

In previous reports from our laboratory, it has been shown that when 
sufficient iodine is combined with a protein to substitute 2 atoms per 
molecule of tyrosine (5) the amount of thyroxine formed can be influenced 
hy the temperature of incubation (6, 7), the amount of agitation, and the 
presence of a catalyst (8). It seemed of interest, therefore, to determine 
whether the conditions established for the maximum formation of thyroxine 
in iodinated proteins would be operative when applied to diiodotyrosine. 


EXPERIMENTAL 


In most of the experiments, 21.6 gm. (0.05 m) of diiodotyrosine! were dis- 
solved in 700 ml. of alkaline solution and incubated for 18 to 20 hours at the 
selected temperature. The solutions were stirred continuously by means of 
stirring motors adjusted to approximately 600 R.P.M. 

Thyroxine Isolation Procedure—The thyroxine was isolated by a pro- 
cedure similar to that described by von Mutzenbecher (1). In the earlier 
trials the reaction solution was diluted with 6 volumes of distilled water. 
Dilute sulfuric acid was added until the reaction became faintly acid to 
Congo red (pH 5.0), and the dark, flocculent precipitate was collected by 
centrifuging at once. A part of the unaltered diiodotyrosine usually crys- 
tallized out of the supernatant solution after standing for a few hours. In 
some of the later experiments, in which it was desired to recover the un- 
changed diiodotyrosine as completely as possible, the acid-insoluble material 


*Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series No. 987. 

'We are indebted to Albert L. Elder, Director of Research, Corn Products Refining 
Company, Argo, Illinois, for generously supplying the diiodotyrosine used in this 
investigation. 
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was precipitated by adding dilute hydrochloric acid directly to the yp. 
diluted reaction mixture in an amount sufficient to redissolve the diiodo- 
tyrosine that crystallized at about pH 5.0. The acid-insoluble substance 
still remained precipitated and could be recovered by centrifuging. The 
diiodotyrosine was recovered from the supernatant solution by first adding 
sufficient saturated sodium hydroxide to make it slightly alkaline, and then 
acidifying with glacial acetic acid, whereupon the diiodotyrosine crystallized 
at once. 

In either case, the acid-insoluble precipitate was dissolved in 300 ml. of 
0.1 N sodium hydroxide solution, and then sufficient dilute hydrochloric 
acid was added to produce a definitely yellow color when the solution was 
tested with bromocresol green indicator. 

The thyroxine was extracted by shaking the acidified solution in tum 
with 300 ml. and 150 ml. of n-butanol, and separating each time in a sepa- 
ratory funnel. The n-butanol extract was then shaken successively with 
450, 225, and 100 ml. of 2 n sodium hydroxide solution to remove alkali- 
soluble impurities. The n-butanol extract was filtered, and the solvent was 
removed by vacuum distillation. 

The residue remaining after removal of the n-butanol was dissolved in 
100 ml. of 0.1 N sodium hydroxide. Then dilute acetic acid was added 
until a flocculent, light yellow precipitate formed. The precipitate was 
washed several times with 5 per cent acetic acid solution, and finally dis- 
solved in a minimum of boiling sodium carbonate solution. A heavy white 
precipitate of the monosodium salt of thyroxine usually appeared immedi- 
ately when the solution was cooled. 

The solution was left in the refrigerator overnight, and then the mono- 
sodium thyroxine was recovered by centrifuging, dissolved in 70 per cent 
alkaline alcohol, and centrifuged again to remove the trace of undissolved 
material. When a few drops of glacial acetic acid were added to the boiling 
solution, thyroxine crystallized at once in the typical bundles of micro- 
scopic needles. 

Factors Affecting Thyroxine Formation—In preliminary experiments con- 
ducted to establish, roughly, the most desirable medium for the conversion 
of diiodotyrosine to thyroxine, the results obtained with 1.0 N sodium hy- 
droxide, 0.116 N sodium hydroxide, and 7 per cent sodium bicarbonate were 
compared. In all cases, 21.6 gm. of diiodotyrosine were dissolved in 700 
ml. of solution and incubated at 70°, with vigorous stirring, for 20 hours. 


Under these conditions diiodotyrosine was highly stable in 1.0 N sodium hy- 


droxide, only traces of acid-insoluble material being formed. Crystalline 
thyroxine was recovered after incubation in both the 7 per cent sodium bi- 
carbonate and 0.116 N sodium hydroxide solutions. Considerably more 
oxidative side reactions appeared to occur in the sodium bicarbonate than in 
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the sodium hydroxide medium, since the acid-insoluble precipitate obtained 
was darker, and a smaller yield of thyroxine was obtained. Therefore, all 
of the subsequent preparations were incubated in 0.116 N sodium hydroxide 
solution. Under the conditions used the solutions remained at a pH of 
approximately 9.4 to 9.6 throughout the process. 

Effect of Catalyst and Incubation Temperature—From our previous results 
with iodinated proteins (7, 8), it was expected that the incubation temper- 
ature would have an influence on the amount of thyroxine formed under the 
given conditions. It also seemed of interest to determine whether manga- 
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Fie. 1. Gross yield of thyroxine isolated after incubation of diiodotyrosine at 
various temperatures. 


nese oxide (Mn;0,) would exert the same catalytic effect with diiodoty- 
rosine as was observed with iodinated casein (9). 

In order to answer these questions, diiodotyrosine solutions were in- 
cubated at various temperatures in the range of 40—-94°, and subjected 
to the isolation procedure described. At each temperature interval one 
sample was incubated in 0.116 N sodium hydroxide alone; to a second sam- 
ple, otherwise treated identically with the first, 2 gm. of manganese oxide 
were added. 

At 40° (Fig. 1), only a trace of thyroxine was formed, amounting to gross 
yields of 0.03 and 0.04 per cent. With both types of treatment, thyroxine 
formation increased rapidly with increasing temperature until the optimum 
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of 60° was reached. There was a decline in the amount of thyroxine re- 
covered at 70°, with zero recovery at 94°. Throughout the effective 
temperature range there was an increased recovery of thyroxine from the 
samples incubated in the presence of manganese oxide, confirming the re. 
sults obtained previously with iodinated casein (9). 

In solutions incubated at 94° large amounts of dark colored acid-insoluble 
material were formed, despite the fact that no thyroxine could be recovered, 
This suggested the possibility that thyroxine formed early in the process 
might have been altered by further oxidation, and it seemed possible that if 
this were true the thyroxine could be protected by conducting the process 
in thé presence of n-butanol (5, 10). No thyroxine could be recovered, 
however, from solutions incubated at 94° with an equal volume of n-butanol 
added. 


Tasie | 
Effect of Stirring and Aeration on Formation of Thyroxine from Diiodotyrosine 


In ee eae | Thyroxine yield lreatment 
S per cent 
40 0.04 Mn,0,, 2 gm.; stirred at 600 R.pP.M 
40 0.04 pen aerated vigorously 
50 0.38 2 stirred at 600 R.P.M. 
5O 0.36 2 aerated vigorously 
60 0.85 2 stirred at 600 R.P.M. 
60 0.52 No catalyst; 7 ** 600 
60 0.02 Mn;0,, 2 gm.; no stirring or aeration 
70 0.27 No catalyst; stirred at 600 R.PoM 
70 0.01 = - no stirring or aeration 


The maximum yield of thyroxine obtained at the optimum incubation 
temperature of 60° was 183 mg., equivalent to a gross yield of 0.85 per cent. 
However, of the diiodotyrosine initially taken all but 6.5 gm., on the aver- 
age, can be recovered after separating the thyroxine. Based on this figure, 
the net yield of thyroxine is 2.8 per cent. 

In addition to the points illustrated in Fig. 1, the incubation system em- 
ployed provided an opportunity to study the effect of such factors as the 
amount of stirring and aeration on the process of thyroxine formation. 
Some preparations were aerated continuously during incubation by bub- 
bling finely dispersed air through them. Both the stirring and aeration 
were omitted in others, although the surface of the solutions was still in con- 
tact with the atmosphere. 

With other conditions being held constant, practically identical yields 
of thyroxine were obtained whether the solutions were stirred vigorously or 
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gerated (Table I). With the stirring and aeration omitted, only traces of 
thyroxine were recovered. This was true even when the usual amount of 
catalyst was added. Thus it is evident that the formation of thyroxine can 
be brought about by atmospheric oxygen. Manganese oxides will catalyze 
this reaction, but are ineffective in the absence of oxygen. 

Identity of Thyroxine Obtained—A total of 2.012 gm. of thyroxine obtained 
in these experiments was pooled and recrystallized twice from sodium 
earbonate solution. The pure white monosodium salt was then dissolved 
in 70 per cent alkaline alcohol, and free thyroxine was crystallized from the 
boiling solution by the addition of acetic acid. Thyroxine appeared at 
once as the typical bundles of microscopic needles, in a yield of 1.416 gm. 
The melting point, when heated at the rate of 3° per minute, was 230-231°. 
Analysis showed 65.2 per cent iodine, compared to the theoretical of 65.4 
per cent. 

Harington (5) stated that the thyroxine formed from natural tyrosine in 
the presence of n-butanol was levorotatory. Polariscopie examination 
showed the thyroxine obtained in the present instance to be a racemic 
mixture, even though optically active diiodotyrosine was used as starting 
material. Racemization apparently had taken place during the incubation 
in alkaline solution at an elevated temperature. 


DISCUSSION 


It is of considerable interest to note the similarity between the conditions 
required for the maximum conversion of diiodotyrosine to thyroxine, 
whether it is combined in an iodinated protein or in the free state. 

In a previous report (7), it was shown that a pronounced increase in the 
thyroidal activity of iodinated protein is obtained by incubation at 60—70°. 
The present investigation shows that a definite temperature optimum for 
the formation of thyroxine from diiodotyrosine occurs at 60°. Incubation 
at 40°, the temperature commonly employed (1-4), yields only a trace of 
thyroxine in a 20 hour period. 

Likewise, this reaction is catalyzed by manganese oxide in iodinated 
proteins (9) and in diiodotyrosine, as shown in the present report. 

It was reported by Barkdoll and Ross (4) that diiodotyrosine incubated in 
an oxygen-free atmosphere does not form thyroxine. Conversely, the yield 
of thyroxine was increased by bubbling a slow stream of air through the 
solution. The importance of atmospheric oxygen is also evident from the 
present work, since only traces of thyroxine are formed unless air is in- 
corporated in the solution, either by stirring or direct aeration. This is 
tue even at the optimum temperature and in the presence of a catalyst. 

Von Mutzenbecher (1) originally suggested that the formation of thy- 
roxine in iodinated proteins could be brought about by the oxidative cou- 
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pling of 2 molecules of diiodotyrosine, with the elimination of one side chain, 
A detailed mechanism for this reaction was worked out by Johnson and 
Tewkesbury (3), and elaborated further by Harington (5). It was sug- 
gested by all of these workers that the oxidation is brought about by the 
action of hypoiodite. If this were the case, however, thyroxine formation 
should continue even in the absence of additional oxygen. From the results 
presented in Table I it is obvious that, under the conditions used, aeration 
of the solutions is essential for the formation of appreciable amounts of 
thyroxine. 

From the fact that manganese will catalyze thyroxine formation only in 
the presence of oxygen it appears to act as an oxygen carrier for the oxida- 
tive coupling reaction that is apparently involved. 

As pointed out previously (9), demonstration of the catalysis of thyroxine 
formation by manganese in vitro, together with the special capacity of the 
thyroid for the storage of manganese, suggests the probability that this 
element also plays a part in promoting the synthesis of thyroxine in the 
thyroid gland. 


SUMMARY 


Diiodotyrosine dissolved in 0.116 N sodium hydroxide (pH 9.4 to 9.6) was 
incubated with vigorous stirring for 18 to 20 hours under various conditions, 
and the amount of thyroxine formed was determined by isolation as the 
crystalline product. 

It was found that a definite temperature optimum for the formation of 
thyroxine under these conditions occurs at 60°. 

Thyroxine formation during the incubation is greatly accelerated by 
atmospheric oxygen, whether incorporated by stirring or by direct aeration. 

Only traces of thyroxine are formed in solutions that are neither stirred 
nor aerated. Manganese oxide was shown to catalyze the reaction in the 
presence of atmospheric oxygen. 

With all of the known conditions at the optimum, a yield of thyroxine 
equivalent to 0.85 per cent of the diiodotyrosine taken initially was ob- 
tained. If allowance is made for the recovery of unaltered diiodotyrosine, 
this is equivalent to a net yield of 2.8 per cent. The identity of the thy- 
roxine was verified by its iodine content of 65.2 per cent and melting point 
of 230-231°. The thyroxine was optically inactive, apparently because of 
racemization under the conditions of incubation employed. 


The authors are indebted to Miss Phyllis Morgan for technical assist- 
ance with the experiments reported herein. 
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STUDIES IN CARBOHYDRATE METABOLISM 
VI. EFFECTS OF HYPO- AND HYPERINSULINISM IN RABBITS* 


By DeWITT STETTEN, Jr., ann BABETTE V. KLEIN 
(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 19, 1945) 


In previous studies of rats rendered diabetic with alloxan (1, 2) evidence 
was presented for the impairment of utilization of glucose in these animals, 
not only in the process of glycogenesis but also in lipogenesis. Whereas the 
finding of stably bound deuterium in glycogen of both liver and muscle, 
when the body fluid was enriched with D.O, proved that glycogenesis had 
not ceased, the data indicated that the glycogen that was formed arose 
pretominantly from small fragments, such as lactate, rather than from 
hexose directly. The fatty acids isolated from the liver fat of these animals 
were extraordinarily low in deuterium concentration, showing that the 
normally important route of glucose utilization, hepatic lipogenesis, had 
almost come to a standstill. It could be estimated that the diabetic rats 
formed new molecules of fatty acid at a rate approximately 5 per cent of 
normal. 

These findings led to an attempt to determine whether the converse 
efiect, abnormally large utilization of glucose in these processes, occurs 
when insulin is injected into otherwise normal animals. This question was 
partially answered when it was shown that in the normal rat treated with 
insulin and deuterium oxide the bulk of the glycogen deposited in the muscle 
arose directly from hexose. The glycogen isolated from this source, though 
greatly increased in quantity, was poor in isotope, a finding which demon- 
strated that the dietary glucose was incorporated into glycogen fairly di- 
rectly. It was pointed out (2) that an increase in the rate of lipogenesis in 
the liver might or might not result in an increase in the quantity of liver fat, 
depending upon the integrity of the fat transport systems, but that, with 
the body fluids enriched with heavy water, it would necessarily result in a 
rise in the deuterium concentration of the liver fatty acids. Such an in- 
crease we have failed to demonstrate in the rat to date. 

An objection to the use of rats in this type of experiment is that the rat, 
when fed ad libitum, is remarkably resistant to insulin shock. We have 
given as much as 60 units of insulin per day to a rat without inducing symp- 
toms of shock. Because of this peculiarity of the rat, we have elected to 


*This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and the Nutrition Foundation, Inc. 
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use rabbits in the experiments to be described. At least in this regard, the 
response of the rabbit is more like that of the human. 

The D.O concentration of the body fluids was raised and maintained at g 
suitable concentration (3) for a period of 48 hours. During this period the 
rabbits were fed ad libitum a high carbohydrate, low fat ration. Fatty 
acids from liver and depot, and glycogen from liver and muscle, were igso- 
lated and their deuterium content compared with that of the body water 
(Table I). By this procedure four rabbits have been studied, two pre- 
viously rendered diabetic by the intravenous injection of alloxan, one nor- 
mal, and one normal rabbit that was given hypodermically each day slightly 
less than the shock-producing dose of zinc protamine insulin. 


Taste I 
Deuterium Concentrations in Fatty Acids and Glycogen from Rabbits 


Weights of liver constituents are reported as per cent of the wet liver weight, 
weights of carcass constituents as per cent of body weight. Deuterium concentra- 
tions are reported (a) as atom per cent excess, determined analytically, and (b) as 
per cent of the deuterium concentration in the body water of the corresponding 
animal. 


Liver fatty | Carcass fatty | 








ca aa | Liver glycogen | Sivtomen 
Rabbits pe o_ a) ee eS te _- 

pw 2| © |2/8| s [s/3| s |= /8| s |e 

| |F]/ a lale}] a jell] ajalel| ale 
Diabetic, No. 1..... _..|1.23/1.8/0.033) 2.7/1.810.015)1.210.60.068, 5.5,0.1/0.055/4.5 
«200. |1.18/4.5]0.016) 1.4/1.00.013/1.1/0.40.067) 5.7/0. 1]0.038)3.2 
Normal ..|1.12)1.9)0.074 6.63.7 0.00910.82.9(0.320:28.60. 1/0.05214.6 
‘* + insulin 1 .30)1 910.339 26 .1'5.0'0.030'2.3.5.90.112 8.6'0.2/0.048'3.7 


In the selection of rabbits suitable for the administration of alloxan, it was 
found necessary to eliminate those suffering from coccidiosis. Rabbits 
suffering from this disease, when given alloxan, go into a rapid decline, 
with marked anorexia and cachexia, leading to death in about 2 weeks. 
Rabbits with stool smears negative for coccidia were found to tolerate 
alloxan well. 

Of the two animals selected for the isotope experiments, the second was 
more severely diabetic than the first, as judged by the glucosuria. How- 
ever, except for the mild fatty liver exhibited by the second rabbit, the two 
animals yielded similar analytical results. Precisely as previously reported 
in rats (1, 2), in diabetic rabbits the depot fat is diminished in quantity and 
the liver fatty acids are markedly poorer in deuterium than in the normal 
animal. This we believe to reflect a definite retardation in hepatic lipo- 
genesis, a failure on the part of the diabetic animal to utilize glucose ade- 
quately for the synthesis of fatty acids. 
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The diabetic rabbits had subnormal quantities of glycogen in their livers. 
In contrast to the finding in the diabetic rat (1), this glycogen was notably 
poor in isotope. The probable meaning of this finding is that these rabbits 
formed but little glycogen from any precursor whatever, whereas the rat 
suffering from diabetes apparently continues to form glycogen from small 
fragments, even though it is incapable of directly utilizing hexose for this 
process at a normal rate. 

When insulin was administered to a normal rabbit, the quantity of gly- 
cogen both in the liver and in the carcass increased. ‘The deuterium con- 
centration of this glycogen, however, was quite low, indicating that the 
extra glycogen formed in response to the administered insulin was made by 
a process that did not involve uptake of much hydrogen from the body 
water. For reasons previously outlined (4), we believe that this process is 
one which more or less directly utilizes the hexose of the diet, since glycogen 
formed from smaller fragments such as lactate is necessarily rich in isotope, 
under these experimental conditions. We have previously reported that in 
the rat receiving insulin the extra muscle glycogen that is deposited is 
likewise formed more or less directly from hexose (2). 

The most striking finding in the rabbit that had been treated with insulin 
was the tremendous rise above normal in the deuterium concentration of 
the liver fatty acids. About 4 times as much deuterium had found its way 
into the fatty acids of the liver fat in 2 days in this animal as in the normal, 
untreated animal. This must mean that, as a result of the injection of 
insulin, the rate of hepatic lipogenesis had increased, probably at least 4- 
fold. The fact that no fatty liver developed simply means that the newly 
formed fat was being carried away from the liver efficiently, and the likeli- 
hood that some of it was transported to the depot is suggested by the appar- 
ent increase in both quantity and deuterium concentration of the carcass 
fatty acids. 

These findings taken together warrant the conclusion that animals suf- 
fering from hypoinsulinism make fatty acids from carbohydrate precursors 
excessively slowly, while the administration of extra insulin results in ex- 
cessively rapid hepatic lipogenesis. They should not be construed, how- 
ever, to mean that insulin necessarily plays some specific réle in lipogenesis. 
Rather it appears probable that the insulin level affects the rate of utiliza- 
tion of glucose in all of its manifestations and that lipogenesis is simply one 
of the several processes in which products derived from glucose are utilized. 
It seems likely that the interesting finding recently reported by Price, Cori, 
and Colowick (5) will aid in the interpretation of the present results. 

The impairment of the diabetic rat’s ability to form new fatty acids is 
probably related to the finding that such animals will, if offered the option, 
elect to eat a diet rich in fat and poor in carbohydrate (6) and, if allowed to 
do so, will thrive on such a dict (7). It is also possible that our finding that 
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the administration of insulin favors lipogenesis and subsequent deposition 
of the newly synthesized fat is related to the clinical use of insulin to stim- 
ulate gain in weight in underweight individuals (8). 

The glucose appearing in the urine of the diabetic rabbits contained 
deuterium. The analogous finding with diabetic rats has been discussed jp 
a previous communication (1, 2) at which time we gave our reasons for the 
belief that the appearance of isotope in urinary glucose represented synthe- 
sis of glucose from smaller fragments. In Table II are given the values of 
the deuterium concentrations in the daily urine glucose samples obtained 
from Diabetic Rabbit 2, and also values, calculated therefrom, for the per 
cent of the urinary glucose that was synthesized in vivo. It should he 
pointed out that in this calculation the simplifying though unproved as. 


TaBLe II 
Deuterium Concentration in Urinary Glucose 
Glucose has been isolated as the pentaacetate from each day’s urine of Diabetic 
Rabbit 2, and its deuterium concentration compared with that of the simultaneously 


excreted water. 


Urine glucose 


Time Urine water Glucose synthesized 
Weight dD 
a b c)* 
Ars. atom per cent D om aiom per cent per ceni 
0-24 1.05 52.2 0.264 43 
24-48 1.09 54.0 0.304 48 


100 X 12K b 


7a 


sumption is made that the glucose of the urine is composed of two species, 
one of which is derived from the diet and devoid of stably bound isotope, 
and the other so synthesized in the animal that its carbon-bound hydrogen 
is at the same isotopic level as the hydrogen of the body water. 

Granted this assumption, it would appear as though almost half of the 
urinary glucose was synthesized in vive and about half was derived directly 
from the diet. The explanation provisionally offered to account for this 
finding is that the diabetic rabbit daily generated from small fragments 4 
quantity of glucose almost as large as that ingested, mixed the two species 
of glucose, and excreted a portion of the resultant mixture in the urine. As 
the rabbit derived approximately 100 gm. of glucose from the diet daily, the 
quantity synthesized daily may be estimated as lying in this neighborhood. 
The proportion of synthesized to ingested glucose in the rabbit is somewhat 
larger than the corresponding value similarly estimated for rats, in which it 
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appeared that from one-third to one-half as much glucose! was synthesized 
each day as Was caten. 


EXPERIMENTAL 


Young female rabbits weighing between 1.8 and 2.4 kilos were kept in 
individual metabolism cages and offered food and water ad libitum. Rock- 
land rabbit ration, stated to contain 61.66 per cent of carbohydrate and 
2.65 per cent of fat, was used throughout. 

Diabetes was induced by the intravenous injection of alloxan mono- 
hydrate, 150 to 200 mg. per kilo of body weight, in a single dose. To con- 
trol the initial hypoglycemia, for a period of 24 hours following injection 
the drinking water was replaced by 5 per cent glucose solution. Because 
of several fatalities about 2 weeks after such treatment, in which the cause 
of death was assigned to dissemination of coccidiosis throughout the liver, 
only rabbits which had negative stool smears were employed. 

Diabetic Rabbit 1 was observed for a period of 1 month after administra- 
tion of alloxan. At first, an occasional trace of acetone was found in the 
urine, later, none. 30 to 40 gm. of glucose were excreted daily in a urine 
volume of 600 to 700 cc. The food consumption averaged 175 to 225 gm. 
daily, and there was no marked weight loss. 

Diabetic Rabbit 2 never exhibited ketonuria. During the week of pre- 
liminary observation it lost about 10 per cent of body weight, while con- 
suming about 150 to 200 gm. of food daily. The daily urine volumes 
were 500 to 600 cc. and contained 36 to 54 gm. of glucose. 

Fatal hypoglycemia was produced in a rabbit by the subcutaneous in- 
jection of 6 units of zinc protamine insulin. The rabbit employed in the 
isotope experiment was therefore given 4 units on the Ist day and 5 units 
on the 2nd day of the experiments. Doubtless because of the continuous 
accessibility of food supplies, this rabbit did not develop any marked hypo- 
glycemia that was detected. 

Enrichment of the body fluids with respect to DeO was accomplished by 
the intravenous injection of 99.5 per cent D.O, containing 0.9 per cent of 
NaCl, 1 ec. per 100 gm. of body weight. Simultaneously the drinking water 
was replaced by diluted D.O, the concentration varying from animal to 
animal between 1.56 and 1.70 per cent, as estimated from preliminary 
observations of water and food consumption. 

The rabbits were killed by the intravenous injection of air, the bodies 
eviscerated, and the carcasses rapidly dismembered and submerged in 


‘These values were erroneously reported as lying between one-fourth and one- 
third in the previous paper (2). 

* The authors are indebted to Dr. H. P. Smith and Dr. H. N. Eisner of the Depart- 
ment of Pathology, Columbia University, for the establishment of this diagnosis. 
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boiling 30 per cent KOH. ‘The livers were also digested with hot alkali. 
The gastrointestinal tracts were discarded and samples of body water were 
distilled from the pooled remaining organs. Isolation and analytical 
procedures were the same as those previously Uescribed (9). 

Samples of urine were distilled to obtain urine water. ‘The remainder of 
the urine from the diabetic animals was treated with acetic anhydride and 
sodium acetate, as previously described (1), and glucose pentaacetate 
ultimately isolated, purified by recrystallization from hot water, and ana- 
lyzed for deuterium. 


SUMMARY 


In the alloxan-diabetic rabbit, as previously shown to be true for the 
alloxan-diabetic rat, the rate of lipogenesis is well below normal. This is 
interpreted as a specific example of the more general impairment of glucose 
utilization in this condition. 

The glycogen deposited in muscle and in liver in the rabbit in response 
to insulin has been shown to arise chiefly by fairly direct processes from 
dietary glucose. 

When insulin is administered to a normal rabbit, a large increase in the 
rate of hepatic lipogenesis has been observed. 
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SOME CORRELATIONS OF GROWTH-PROMOTING POWERS OF 
PROTEINS WITH THEIR STREPOGENIN CONTENT 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, November 27, 1945) 


It is now generally believed that the nutritional or growth-promoting 


- powers of proteins are reflected entirely by their content of the various 


amino acids. This view has arisen despite the fact that rats, mice, and 
chickens grow more rapidly when fed casein than when given a mixture of 
amino acids! free of protein (2-4). Opinions have varied as to why intact 
proteins show this nutritional superiority over mixtures of amino acids. 
Some have held that the improved growth is merely a reflection of differ- 
ences in palatability. Therefore, the following new facts are presented, 
for they have led to the hypothesis that the nutritional superiority of some 
proteins is due to the presence in them of a specific factor which appears 
to be correlated with the occurrence of strepogenin. 

Strepogenin is the tentative name used to designate a factor (or factors) 
which stimulates the growth of Lactobacillus casei, some hemolytic strep- 
tococci, and certain other microorganisms (5,6). It has been found as an 
integral part of certain highly purified proteins (7, 8), from which it is 
liberated by tryptic digestion. Indeed, proteins have proved to be by 
far the richest sources of the growth factor. The active agent is destroyed 
by hydrolysis with strong acid or alkali. Because of these and other 
properties of the factor, it has been concluded that strepogenin is a peptide 
or peptide-like substance (7). 

In view of the occurrence of strepogenin in certain proteins, it seemed 
possible that the superior growth-promoting properties of these substances 
might be associated with this factor. The idea was examined experimen- 
tally in several ways. Firstly, the amino acids derived from casein by 
acid hydrolysis, plus tryptophane and cystine, were substituted for protein 
in a highly purified diet which was fed to mice. The diet was free of 
strepogenin, for that present in casein was destroyed by the acid hydrolysis. 
Growth was considerably slower than that observed with similar diets 
containing intact casein. When casein or some other protein rich in stre- 
pogenin was added, a good rate of growth was obtained, while with proteins 


*With the technical assistance of M. L. Collyer. A preliminary report of some of 
the results has appeared (1). 

1The fact that animals fed mixtures of pure amino acids actually do grow has 
tended to obscure the suboptimal rate of gain on such a nitrogen source. 
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low in or devoid of strepogenin, the rate of growth was not increased. 
The growth-promoting powers of the various proteins examined were 
directly correlated with their strepogenin contents. As little as 0.5 per 
cent of an active proteim such as crystalline trypsinogen was sufficient to 
elicit maximal response, and the addition of 2 per cent vitamin-free casein 
gave similar results. Secondly, concentrates of strepogenin made from 
tryptic digests of casein were as active as the protein when fed on an 
equivalent strepogenin basis. Destruction of the strepogenin in these 
preparations by acid hydrolysis was attended by loss of growth-promoting 
effect in mice. Finally, a strepogenin-poor, but otherwise nutritionally 
complete protein (egg white) was used as a source of nitrogen in a highly 
purified basal diet instead of the mixture of amino acids. Growth was poor 
on such a diet except when a strepogenin-rich protein such as casein or 
trypsinogen was added. A concentrate of the growth factor prepared 
from tryptic digests of casein was also effective with this diet. Proteins 
low in strepogenin were without benefit. 

While the correlation of growth-promoting activity for the mouse with 
strepogenin content seemed good, it cannot be said that the effect on mice 
was due to strepogenin. Before this can be done it will be necessary to 
obtain strepogenin in pure form and to test its potency. The available 
data show merely that there is a growth-stimulating material in some 
proteins which seems to parallel the content of strepogenin. Since this 
effect cannot be attributed to the known amino acids, it would seem that 
there is something of nutritional importance other than these amino aeids 
present in certain proteins. 

A deficiency of the growth-stimulating substance in certain proteins did 
not lead to complete failure of growth or to death of the animals. It 
merely resulted in diminished rate of growth. All the mice fed the basal 
diets eventually reached mature size. The only external sign other than 
poor growth was loss of hair on the top of the head which occurred in a few 
of the mice fed the basal diets. 

EXPERIMENTAL 

Methods of Assay—Weanling mice, ranging in weight from 10 to 12 gm., 
were caged individually on screen floors and fed the various rations de- 
scribed below ad libitum. Supplements were incorporated directly into 
the rations. Whenever crystalline trypsinogen was used as a supplement, 
fresh ration was prepared every 3 days because this protein was added as 
an aqueous suspension after heating, and in such a preparation strepogenin 
potency disappeared rather rapidly. The mice were weighed twice weekly 
over a 2 to 3 week period. 

Strepogenin assays were carried out with Lactobacillus casei, according 
to the method of Sprince and Woolley described earlier (8). 
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Strepogenin Concentrales—Several strepogenin concentrates all prepared 
from tryptic digests of vitamin-free casein have been used. The first was 
made by the phenol extraction of the non-dialyzable portion of such a 
digest according to the method used previously (8). This was designated 
Concentrate A. Concentrate B was made from Concentrate A by adding 
an excess of picric acid to a 10 per cent neutral aqueous solution of the 
concentrate, cooling, filtering, and removing the picric acid from the 
filtrate by acidifying with HCl and shaking with ethyl acetate. The 
aqueous solution was then neutralized with NaOH and concentrated under 
reduced pressure to dryness. The residue was extracted with methanol, 
and the soluble portion was freed of solvent and extracted with ethanol. 
The resulting insoluble part was used. 

Casein Hydrolysate— Vitamin-tree casein was suspended in 10 times its 
weight of 7 N H.SO, and heated in an autoclave at 20 pounds pressure of 
steam for 16 hours. Sulfate was exactly removed as BaSQ,, and the filtrate 
and washings ‘from the latter were concentrated. to dryness at low tempera- 
ture. The mixture of amino acids was then dried in a vacuum and finely 
powdered. ‘The material so obtained was rather hygroscopic. 

Dialyzed, Coagulated Egg White—Fresh egg white was poured into shallow 
pans and heated in an autoclave until firm. The coagulum was ground, 
suspended in water, and the suspension was dialyzed against running 
water overnight. The dialysis was performed in cellophane tubes (sausage 
casings) and was necessary in order to remove the small amounts of free 
strepogenin contained in egg white. The heating was necessary to in- 
activate antibiotin (avidin). The dialyzed coagulum was filtered off 
on cheese-cloth, washed with alcohol or acetone, and dried in a current of 
air. When thoroughly dry, it was powdered in a ball mill. 

Potency of Proteins and Concentrates When Added to Casein Hydrolysate 
Basal Rations— Two basal rations, which varied in the nature of the car- 
bohydrate, were used. The first consisted of sucrose 750 gm., salts (9) 
50 gm., casein hydrolysate 180 gm., dl-tryptophane 8 gm., l-cystine 3 gm., 
thiamine 2 mg., riboflavin 5 mg., nicotinie acid 10 mg., pyridoxine 2 mg., 
calcium pantothenate 20 mg., choline chloride 100 mg., inositol 1 gm., 
corn oil fortified with vitamins A, D, EF, and K (10) 10 gm., and cellulose 
(Cellu flour) 100 gm. The cellulose was added in order to reduce the 
hygroscopicity of the ration. The tendency of mixtures compounded 
with casein hydrolysate to become sticky when exposed to air was over- 
come in the second ration by the use of heated starch instead of sucrose. 
The second ration therefore was the same as the first, except that the cellu- 
lose was omitted and the sucrose was replaced with amigel, a commer- 
cially available, heated corn-starch.* 


? Obtained from the Corn Products Refining Company. 
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The growth responses of mice fed either of these two diets alone or jn 
combination with various proteins and strepogenin concentrates are shown 
by the data in Table I. The strepogenin contents of the several diets as 
measured by the Lactobacillus casei assay are also shown. It can be seen 


TABLE | 
Growth-Promoting Effects of Proteins and Concentrates Added to Diet Prepared from 
Casein Hydrolysate 


With sucrose | With starch basal 


Strepoge- basal 
Addition to basal ration nin con- nea 
tent of ; . | Average i Tt 
ration* | No.of 4 © | No. of | {Vetage 





animals hangs animals|“hange ia 
None 0 |} 12 +1.7 |} 12 | 43.4 
Casein (vitamin-free) 10 10.5 } +3.3 
5 0.25 9 | +57 
2 0.10 $ | 43.1 | 
I | 0.05 7 | +2 3 | +45 
0.5 | 0.025 | +2.8 
Heated crystalline tryp- 0.5 0.15 } +3.6 8 | +5.5 
sinogen 
Native crystalline tryp- 0.5 { —0.1 
sinogen 
Heated horse hemoglobint 5 | 0.015 4 +4.0 
2 0.006 4 +3.9 
Gelatin 5 0 { +1.0 
Dialyzed heated egg white 5 0.015 7 t2.1 5 +3.9 
Whole dried beef liver 2 0.02 t +5.1 
Strepogenin, Concentrate Equivalent to2%| 0.10 8 +3.0 { +4.8 
A |  ¢asein 
Strepogenin, Concentrate se - 0.10 t +6.0 
B 
Acid hydrolyzed, Concen- | Equivalent to 4%| 0 4 | +1.3 
trate A casein 
Glutamine 2 4 | +3.5 


* The strepogenin values are relative to a standard liver extract which was as- 
signed a potency of 1 (ef. (8)). 

t A solution of dialyzed crystalline horse hemoglobin which had been coagulated 
in boiling water and dried was used. This preparation was lower in strepogenin 
than the hemoglobin examined previously (8). 


that proteins such as casein and trypsinogen which were rich in strepogenin 
promoted growth, while those which were poor in that factor did not. 
The potency of liver in this test seemed correlated with its strepogenin 
content. Similarly the activity of concentrates prepared from  tryptie 
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digests of casein was roughly proportional to their strepogenin contents, 
as far as could be judged by these results. With the proteins and con- 
centrates tested, the correlation of activity for the mice with strepogenin 
content was not quantitative, but in view of the inadequacies of both the 
animal and bacterial assays involved, the divergence was not great. 

Although the crystalline trypsinogen was very active after it had been 
denatured by heat, the native protein was rather harmful to the mice. 
This toxic effect of native trypsinogen likewise was observed in the trials 
with the egg white basal ration described below. The heated trypsinogen 
was prepared by dialyzing crystalline trypsinogen® and heating the aqueous 
solution of the protein in a boiling water bath for 5 minutes. 


TaBLe II 
Growth-Promoting Effects of Proteins Added to Diet Prepared with Egg White 


| No. of | Average change 








Addition to basal ration lanimals | in weight 
| | 

per cent } gm. per wk. 
None 18 | +2.5 
Casein (vitamin-free) 5 | 15 | +8.7 
l | 4) +8.2 
Gelatin 5 | 6 | +2.2 
Dialyzed heated egg white 5 | 4 +2.2 
Heated crystalline trypsinogen 0.5 | 5 | +5.1 
Native re 2s 0.5 ort —2.8 
Strepogenin, Concentrate A Equivalent to 2% casein | 6 | +4.0 





Glutamine was tested because, under certain experimental conditions 
(11), it had strepogenin activity for Lactobacillus casei. However, it was 
inactive for the mice, just as it was for hemolytic streptococci which 
required strepogenin (5). 

Growth-Promoting Propertics of Heated Starch—The data in Table I 
show that the heated starch (amigel) used in the second ration had a 
marked growth-stimulating effect when compared to sucrose. This 
phenomenon was quite independent of and incidental to the enhancement 
of growth due to proteins. The animals receiving amigel and an active 
protein such as casein grew at a rate equal to or exceeding that seen in 
mice fed stock rations. In view of the fact that stock rations contain 
starchy materials, this growth-stimulating action of starch may explain 
the observation in several laboratories that mice grow slightly better 
When fed a stock ration than when given a purified diet compounded with 


*The crystalline trypsinogen was very kindly supplied by Dr. M. Kunitz of The 
Rockefeller Institute for Medical Research. 
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glucose or sucrose. However, it may be that the superiority of the amige] 
was due to some unknown stimulant other than starch. 
Growth-Stimulating Powers of Various Proteins Added to Ration in Which 
Egg White Was Source of Nitrogen—Since egg white was very low in stre. 
pogenin, and yet well supplied with the known amino acids, a ration could 
be prepared which was low in strepogenin but which contained unhydro- 
lyzed protein as the source of nitrogen. This ration contained sucrose 
750 gm., salts (9) 50 gm., dialyzed, heated egg white 180 gm., and the 
same quantities of vitamins as in the casein hydrolysate rations. The 
responses of mice to this mixture alone, and with the addition of various 
proteins, are shown in Table II. It can be seen that growth was poor on 
the basal ration, and that it was improved by the addition of a protein 
rich in strepogenin. Proteins low in strepogenin were not effective in this 


respect. 
SUMMARY 


When mice were fed a highly purified ration in which casein hydrolysate 
plus tryptophane and cystine was the nitrogen source, they grew at a sub- 
maximal rate. Small amounts of proteins rich in strepogenin were effec- 
tive growth promoters, while proteins low in this peptide-like growth 
factor were not. Concentrates of strepogenin prepared from. tryptic 
digests of casein were as active as the intact protein. When the strepog- 
enin was destroyed in such concentrates, the growth-promoting powers 
for mice were lost. When egg white, a protein low in strepogenin, but 
otherwise nutritionally adequate, was used as the source of nitrogenous 
matter in a highly purified ration, a slow rate of growth was observed, and 
this situation was remedied by administration of small amounts of proteins 
rich in strepogenin, but not by those poor in this factor. Some implica- 
tions of these findings for current theories of protein nutrition have been 
indicated. 

A stimulation of growth caused by the addition of heated starch to 
highly purified rations has been described. 
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LETTERS TO THE EDITORS 





THE AVAILABILITY OF VITAMIN By IN YEAST TO 
SACCHAROMYCES CARLSBERGENSIS* 


Sirs: 


In exploring the problem of the complete extraction of vitamin Bs from 
natural sources, Melnick et al.! reached the conclusion that, in addition 


Rfficiency of Various Extraction and Hydrolytic Procedures in Rendering Bz, in Yeast 
200-B Available to Saccharomyces carlsbergensis 








Experi- | | Be foundt 
ment Extraction “Hydrolytic” procedure® ad = ‘ 
m | Steamedt | Filtered§ 
¥ per gm. | > per gm. 
1 | Digestion with clarase|| | None 36 39 
2 a “ o | 2wn H.SO, | 40 
3 | 0.055 x H.SO,* | None 2 | 26 
~~, CB” “* | 2wn H.SO, | 28 33 
5 | 2N H.SO,* None | 16 17 
— 9 « 2 n H.SO, a 
ES ie 0.055 N H:8O, (pH 1.7) | 24 | 
8 2‘ % Adjusted to pH 2 | 2 | 32 
9 a» sas ee 23 
10 2° - Lf, ae | @ st fB 
i — * ve + *@ | 24 
12 = Clarase, | 36 39 





After extraction of the yeast by the stated method, the extracts were centrifuged, 
then passed through sintered glass filters, and the clear filtrates were further treated 
as described under ‘‘ Hydrolytic procedure.”’ 

* 60 minutes at 15 pounds pressure. 

t In terms of pyridoxine hydrochloride. 

t The extract was steamed with the medium for sterilization, according to Atkin 
et al.? 

§ The extract was filtered through a glass bacterial filter, then added aseptically 
to the steamed medium. 

| According Atkin et al.,? incubation being for 65 hours at 45°. 


= Publication No. 60. 
! Melnick, D., Hochberg, M., Himes, H. W., and Oser, B. L., J. Biol. Chem., 160, 
1 (1945). 
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to the three known members of the Bs group (pyridoxine, pyridoxamine, 
and pyridoxal), a fourth component, which is acid-labile, occurs in some 
natural materials such as yeast. This conclusion was based largely on 
the observation that strong acids, such as 2 N H,SO,, extract only half of 
the total By activity from yeast, as judged by the response of Saccharomyces 
carlsbergensis and differential microbiological assay. 

The table shows (Experiment 5) that, in agreement with Melnick et al.) 
extracts made with 2 N H,SO, apparently contain about half of the total 
Bs content of the veast (39 y per gm.). If, however, the extract made 
with 2 N HeSO, is further “hydrolyzed” by autoclaving in 0.055 n H,S0¢ 
or, in general, at a pH of about 2 to 4, or treated with clarase, then the 
B, found increases considerably (Experiments 7, 8, 9, 12). These findings 
therefore demonstrate that the missing Bs moiety is not destroyed by ex- 
traction with 2 n H.SO, but, rather, that it is not available to Saccharomyces 
carlsbergensis. 

Recent work* on the behavior of pyridoxal phosphate as the prosthetic 
group of transaminases suggests that these analytical vagaries are related 
to the extent of dissociation of pyridoxal phosphate from protein. 


Nutrition Laboratories Saut H. Rus 
Hoffmann-La Roche, Inc. Jacos Scum 
Nutle UP Ne w Jerse u 
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? Atkin, L., Schultz, A. S., Williams, W. L., and Frey, C. N., Ind. and Eng. Chem., 
Anal. Ed., 15, 141 (1943). 

*Umbreit, W. W., Bellamy, W. D., and Gunsalus, I. C., Arch. Biochem., 7, 185 
(1945). Green, D. E., Leloir, L. F., and Nocito, V.,./. Biol. Chem., 161, 559 (1945). 
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STREPTOMYCIN: THE CHEMICAL NATURE OF STREPTIDINE 


Sirs: 

In the course of a study of the products formed from streptomycin by 
acid hydrolysis, we have isolated a crystalline base CsH:s0,N¢ which is 
very probably identical with a basic degradation product of the same com- 
position recently reported by Brink, Kuehl, and Folkers." We have 
tentatively adopted for this substance the name, streptidine, used by 
these investigators. 

Streptidine sulfate is most conveniently obtained by treatment. of strep- 
tomycin sulfate with 4 parts of 1 N sulfuric acid for 48 hours at 45°. The 
resulting crystalline precipitate can be readily purified by recrystallization 
from water. The sulfate as well as the other crystalline salts described 
below has no definite melting point, but decomposes with charring above 
250°. They contain water of crystallization which can be completely 
removed only by drying in vacuo at 150°. Sulfate (prisms), CsHisOqNe-- 
H.SO,, calculated, C 26.67, H 5.60, N 23.32, S 8.88; found, C 26.63, H 
5.65, N 23.0, S 8.72. Dihydrochloride (amorphous), CsHisOyN5-2HCl, 
calculated, C 28.66, H 6.01, N 25.06, Cl 21.16; found, C 28.68, H 5.90, 
N 24.8, Cl 21.1. Dipicrate (needles or stout prisms), CsHisOiNe-- 
2C;H;0;N;-H.O, calculated, C 32.53, H 3.52, N 22.75; found, C 32.46, 
H 3.60, N 22.6. Carbonate (characteristic tetrahedra), CsH1s0.N¢- H2CO,, 
calculated, N 25.90; found, N 25.8. The free base, obtained from the salts 
with excess sodium hydroxide, crystallizes in needles, but is not suitable 
for analytical characterization. - 

Streptidine is optically inactive and shows no selective absorption in the 
ultraviolet range. It is devoid of carbonyl oxygen, as shown by the ab- 
sence, after treatment with thiosemicarbazide, of the characteristic thio- 
semicarbazone band at 270 mu.’ 

Streptidine is the moiety responsible for the Sakaguchi reaction given 
by streptomycin. The presence in streptidine of two guanidino groups 
has been conclusively established by the following findings. Electro- 
metric titration of its dihydrochloride showed it to be a very strong base. 
Treatment of the sulfate with 5 per cent barium hydroxide solution at 95° 
yielded 2 moles of ammonia and the corresponding diurea CsH»O,:- 
(NH-CO-NHz,)2 (decomposition point 286-287° corrected). CsHiwON,, 
calculated, C 36.37, H 6.11, N 21.20; found, C 36.29, H 6.04, N 21.0. 


! Brink, N. G., Kuehl, Ff’. A., Jr., and Folkers, K., Science, 102, 506 (1945). 
? Evans, L. K., and Gillam, A. E., J. Chem. Soc., 565 (1943). 
3 Carter, H. E., Clark, R. K., Jr., Dickman, 8. R., Loo, Y. H., Skell, P. 8., and 
Strong, W. A., J. Biol. Chem., 160, 337 (1945). 
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More rigorous treatment with 40 per cent barium hydroxide resulted in 
the formation of 4 moles of ammonia and of the diamine CH jo )(NHy)y, 
which was characterized as the crystalline dihydrochloride and dipicrate. 
Dihydrochloride, CeH ywOrN2-2HCI, calculated, C 28.70, H 6.42, N 11.15, 
Cl 28.24; found, C 28.63, H 6.36, N 11.4, Cl 28.6, amino N 11.7. Dipie- 
rate, CeHwOuN 2: 2CgHs3O-7Nz, calculated, C 33.98, H 3.17, N 17.60; found. 
C 33.75, H 2.97, N 17.8. In the oxidation of the diamine with periodate 
in alkaline medium 6 oxygen atoms were consumed. 

Among the structural formulae consistent with the above results a tetra. 
hydroxydiguanidinocyclohexane structure, suggestive of a  biogenetie 
relationship to inositol, would appear most satisfactory. 


Division of Organic Chemistry Joser FrRiep 
The Squibb Institute for Medical Research G. A. Boyack 
New Brunswick O. WINTERSTEINER 
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THE SEPARATION OF ADENOSINETRIPHOSPHATASE FROM 
MYOSIN AND ITS ACTIVATION BY CREATINE 


Sirs: 


It has been found that by fractionating myosin under certain conditions 
a water-soluble enzyme may be separated from it which splits ATP to ADP 
and inorganic phosphate. The enzyme does not act on ADP. 

All operations were carried out in a cold room at 5°. Three times pre- 
cipitated myosin, prepared from rabbit muscle, was dissolved in Weber's 
solution! and dialyzed for 3 hours against 0.5 saturated (NH,).SO, adjusted 
topH 5.2. The precipitate was centrifuged off and stirred up in a solution 
containing 0.03 m ATP, pH 7.4, followed by the addition of 4 volumes of 


Tasie | 
Effect of Creatine and Calcium on Adenosinetriphosphatase Separated from Myosin 
All samples contained | ec. of 0.1 M glycine, pH 9.0, 523 y of labile P as ATP, plus 
2% yofenzyme. Total volume 1.5 cc.; incubated for 5 minutes at 38°; analyzed for 
inorganic phosphate (Po) and labile P after 7 minutes hydrolysis in 1 Nn HCl (P;). 


Sample No. | Additions Po P; 
| ; ; 

l 1 mg. creatine (before incubation) 20 | 523 

2 None 50 483 

3 0.001 x CaCl, | 8 | 480 

4 1 mg. creatine 178 | 352 

5 | * ” + 0.001 Mm CaCl 174 354 


acetone. After centrifugation, the supernatant fluid was discarded and 
the gummy precipitate ground in a mortar with a 0.1 mM KCl solution. The 
mixture was centrifuged and the supernatant fluid dialyzed against water 
for 10 hours. The dialyzed and centrifuged solution contained an adeno- 


sinetriphosphatase which was 30 times more active per mg. of protein than 


myosin. The solution contained about 3 per cent of the original protein 
of myosin. ‘Tiselius pictures showed one main component comprising 
about 85 per cent of the total protein. 

The activity of the enzyme was enhanced by creatine, the half maximal 
effect being obtained with 1.5 K 10-*m. There was no formation of phos- 
phocreatine. Calcium had no activating effect (Table I). The enzyme 
could be readsorbed on a myosin which had been prepared at pH 6.0° and 


' Weber, H. H., Biochem. Z., 266, 137 (1933). P 
* Singher, H. O., and Meister, A., J. Biol. Chem., 169, 491 (1945). 
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was free of adenosinctriphosphatase activity. After readsorption on myo q 
sin, calcium had an activating effect (Table I1). ; 
Water extracts prepared from rat or rabbit muscle contained an adeno. 
sinetriphosphatase which had the same properties as that separated from 
myosin. On dialysis this enzyme lost 80 per cent of its activity, which” 
could be restored by creatine. This activation by creatine was not due to 


TasLe II 
Adsorption of Water-Soluble Adenosinetriphosphatase by Myosin 


50 y of adenosinetriphosphatase mixed with 7 mg. of myosin in 2 cc. of 4.5 per cent 
KCl, pH 8.0; mixture dialyzed against water for 24 hours and centrifuged; precipitate | 
(designated as A) washed with 10 volumes of water, centrifuged, and dissolved ip — 
Weber’s solution. All samples contained 1 cc. of 0.1 m glycine, pH 9.0, + 1 mg. of 
creatine + 498 y of labile P as ATP in a volume of 2.0 cc. Incubated and analyzed 
in the manner as described in Table I. 





Sample No Additions 


Before incubation 

2 mg. myosin before adsorption + 0.001 M ‘ 495 
CaCl. 

2mg.A : 438 

2 “* “40.001 m CaCl, 402 


formation of phosphocreatine. Calcium had no activating effect. This 
enzyme could also be adsorbed on myosin and again separated from myosin 
by methods described in this paper. These findings would indicate that 
adenosinetriphosphatase is present in muscle partly in the free form and 
partly adsorbed on myosin. 


Department of Pharmacology Winston H. Price 


Washington University School of Medicine Cart F. Cort 
St. Louis 
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